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SHEAR  AND  LONGITUDINAL  WAVES  FROM  HE 
DETONATIONS  IN  TUFF --Comparison  of  Tuff  and  Granite  Data 

by 

Harry  R,  Nicholls-^^  and  Verne  E,  Hooker-^ 


INTRODUCTION 

The  investigations  described  in  this  report  were  performed  by  APRL 
as  part  of  the  VEIJV.  UNIFORM  Point  Source  Research  Program  under 
Contract  No,  2939,  ARPA  Order  No,  172-61,  Project  Code  No,  8100. 
The  scope  of  the  work  as  proposed  to  and  authorized  by  the  Defense 
Atomic  Support  Agency  were: 

1,  To  conduct  an  experimental  research  program  to  investi¬ 
gate  the  generation  of  shear  and  longitudinal  waves.  Tests 
to  be  conducted  in  two  media  under  varying  geologic  con¬ 
ditions  and  using  high  explosives  as  a  source. 

2.  To  conduct  an  experimental  research  program  to  investi¬ 
gate  the  effects  of  characteristic  impedance  matching  in 
two  media  using  several  types  of  high  explosives. 

Results  obtained  from  field  tests  conducted  in  a  granite -gneiss  medium 
as  part  of  the  program  were  reported  previously  (Nicholls  and  Hooker, 
1962).  This  report  presents  the  results  from  a  series  of  field  tests  con¬ 
ducted  in  tuff  near  Camp  Verde,  Arizona.  This  report  also  compares 
the  similarities  and  differences  between  data  obtained  in  tuff  and  granite - 
gneiss. 
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INSTRUMENTATION 

Strain  gages  and  accelerometers  were  used.  The  strain  gages  consisted 
of  resistance-wire  strain  gage  elements,  mounted  on  short  lengths  of 
2-1/8  inch  diameter  tuff  core  (Obert  and  Duvall,  1949).  The  tuff  was  ob- 
'ained  from  the  Nevada  Test  Site  to  expedite  the  program.  Commercially 
available  piezo-electric  accelerometers  were  cemented  to  the  cores  with 
an -epoxy  cement.  Figure  1  shows  a  core  with  strain  gage  attached  at 
upper  end  and  accelerometer  mounted  and  sealed  with  neoprene  cement. 
Surface  instrumentation  was  accomplished  with  accelerometers  mounted 
to  solid  steel  gage  mounts.  Battery  operated  pre -amplifiers  were  used 
in  conjunction  with  the  accelerometers  to  provide  electrical  impeaance 
matching  and  to  minimize  signal  reduction  from  line  losses. 

The  output  signals  from  the  gages  were  carried  by  500  feet  long  shielded 
cables  to  a  recording  trailer.  These  signals  were  fed  into  a  14-channel 
pre-amplifier  system  inside  the  trailer.  These  amplifiers  provided  the 
necessary  electrical  impedance  match  between  gage  and  recorder  and 
provided  amplification  or  attenuation  as  needed  to  deliver  proper  input 
voltages  to  the  recorder.  The  recorder  was  a  14-channel  FM  magnetic 
record- reproduce  system.  Readout  of  the  data  was  accomplished  by 
playback  from  the  tape  recorder  system  into  a  direct-writing  oscillograph. 
The  output  of  a  timing  oscillator  was  played  into  the  oscillograph  during 
playback  to  provide  reference  timing  lines  on  each  paper  record.  A 
chronograph  contactor  or  target  was  inserted  into  each  charge  when  a 
zero  time  was  desired.  The  target  and  appropriate  circuitry  produced  a 


Fig.  1  -  Typical  Strain  Gage  and  Accelerometer  Construction. 
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steep-fronted  pulse  at  the  instant  of  charge  detonation.  The  overall  fre¬ 
quency  response  of  the  system  was  considered  to  be  flat  (4-  12%)  from 
10-10,000  cycles  per  second. 

Amplitude  analysis  was  accomplished  by  calibrating  the  system,  exclusive 
of  gages,  with  a  known  input  signal  prior  to  each  shot.  The  known  cali¬ 
bration  signal,  the  recorded  earth  motion  pulse,  pre -amplifier  gain,  and 
gage  sensitivity  were  then  used  to  calculate  the  amplitude.  Playback 
records  were  made  for  analysis  after  each  shot  during  the  field  program 
to  determine  proper  pre -amplifier  gain  settings  for  subsequent  shots. 
Additional  playbacks  were  made  for  final  analysis  at  the  laboratory.  All 
acceleration  data  from  the  deep  shots  were  integrated  electronically  to 
yield  particle  velocity  for  comparison  with  strain  data.  The  frequency 
response  of  the  integration  system  was  flat  (+  20%)from  40-10,000  cycles 
per  second. 

The  instrumentation  for  rate  of  detonation  measurement  of  each  explosive 
consisted  of  two  chronograph  contactors,  a  go- circuit,  a  stop-circuit,  and 
a  microsecond  interval  counter.  As  the  detonation  of  the  explosive  pro¬ 
ceeded  up  the  explosive  column,  the  first  chronograph  contactor  started 
the  counter.  As  the  detonation  wave  arrived  at  the  second  contactor,  at 
a  known  distance  from  the  first,  the  counter  stopped.  Interval  times  and 
distances  were  recorded  for  rate  of  detonation  calculations. 

TEST  SITE 

All  tests  were  conducted  in  a  water-lain  volcanic  tuff  deposit  near  Camp 
Verde,  Arizona,  The  specific  location  was  the  NE  1/4,  SW  1/4,  SE  1/4, 
Section  19,  T13N,  R6E  of  the  Gila  and  Salt  River  Base  and  Meridian. 

The  general  area  known  as  the  Cottonwood  Basin  was  located  approxi¬ 
mately  ten  miles  southeast  of  Camp  Verde  between  State  Highway  9  and 
the  Verde  River,  The  location  constituted  part  of  the  Coconino  National 
Forest  and  was  under  the  direct  supervision  of  the  Beaver  Creek  Forest 
Ranger  Station. 

Lithologically,  the  Hackberry  Mountain  tuff  is  of  recent  origin,  possibly 
deposited  as  recently  as  1,  000  years  ago.  Many  facies  changes  are  evi¬ 
dent  in  the  several  hundred  feet  of  section  exposed  in  outcrops,  arroyos, 
and  road  cuts.  The  deposit  includes  loosely-cemented  tuff,  tuff-breccia. 
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and  agglomerate,  l^arge  boulders  of  tuff  are  prevalent  higher  up  in  the 
geologic  section.  Thin  layers  of  sandstone  are  obvious  lower  in  the  section. 
The  area  tested  appeared  to  be  a  uniform  non-welded  tuff  with  soil  cover 
ranging  from  none  to  about  five  feet.  The  tuff  is  generally  grey  or  buff  in 
color  and  becomes  brown  or  pink  when  wet.  Two  50  feet  deep  NX  core 
holes  were  drilled  to  inspect  the  tuff  in  the  area  of  interest.  Visual  in¬ 
spection  of  the  recovered  core  indicated  a  rather  uniform  tuff  section  with 
no  breccia  or  agglomerate  encountered.  The  tuff,  however,  was  not  uni¬ 
form  based  upon  laboratory  mechanical  property  tests  and  upon  subsequent 
in  situ  velocity  determinations.  The  longitudinal  and  shear  velocities  of 
the  core  samples  were  determined  in  the  laboratory  by  the  resonant  fre¬ 
quency  method.  The  elastic  constants  were  calculated  from  the  velocities 
and  the  density  of  the  tuff.  As  shown  in  table  1,  the  tuff  samples  could  be 
divided  into  two  distinct  types  based  on  velocity  and  density  measurements. 
The  shear  and  longitudinal  velocities  were  also  measured  in  situ.  These 
values,  considered  reliable  within  -f  3%,  are  given  in  table  1  with  the  cal¬ 
culated  elastic  constants. 

SHEAR  WAVE  GENERATION 
Test  Purpose 

A  considerable  amount  of  data  concerning  the  generation  and  propagation 
of  shear  waves  has  been  obtained  and  reported  from  the  tests  in  granite - 
gneiss  (Nicholls  and  Hooker,  1962).  Conclusions  previously  stated  from 
the  analysis  of  the  granite-gneiss  data  were  that  the  medium  was  probably 
a  prime  mechanism  of  shear  wave  generation  and  that  no  shear  wave  en¬ 
hancement  due  to  shot  hole  geometry  was  discernible.  The  granite -gneiss, 
due  to  the  gneissic  banding,  may  have  contributed  significantly  to  shear 
wave  generation  and  overshadowed  such  possible  sources  as  cratering  or 
the  radial  cracking  in  the  vicinity  of  the  shot  hole. 

It  was  believed  that  the  tuff  would  be  a  more  homogeneous,  isotropic 
medium  than  the  granite -gneiss.  Thus,  identification  of  shot  hole  con¬ 
ditions  and/or  other  source  conditions  which  contributed  significantly  to 
shear  wave  generation  might  be  accomplished.  In  addition,  coverage  was 
to  be  expanded  so  that  data  were  recorded  ..round  the  circumference  of  a 
large  diameter  circle  from  detonations  at  the  center.  Coverage  would  be 
around  a  full  360°  rather  than  about  170®  as  in  previous  work. 
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Experimental  Procedure 

Preliminary  surface  testing  in  the  tuff  was  designed  to  determine  the 
following:  whether  shear  waves  could  be  generated  by  detonating  small 
explosive  charges,  and  if  so,  optimum  charge  size  for  shear  wave  gen¬ 
eration;  propagation  laws  for  elastic  waves  traveling  near  the  surface 
of  the  tuff;  shear  and  longitudinal  propagation  velocities  in  the  meditim; 
verification  of  techniques  and  methods  previously  used. 

To  effect  the  study,  a  series  of  shallow  vertical  holes  1-1/Z  inches  in 
diameter  and  8  inches  deep  were  drilled  in  the  tuff.  Soil  cover  at  these 
locations  was  removed.  A  plan  view  of  the  test  holes  is  shown  in 
figure  2.  Gage  mounts  consisted  of  solid  steel  blocks  attached  by  press 
fit  to  studs  which  were  6  inches  long  and  1/2  inch  in  diameter.  The 
studs  were  set  in  a  hole  as  shown  in  figure  3.  Grout  was  then  poured 
around  the  stud  and  inside  a  cardboard  form  to  a  depth  on  the  mount  of 
1/2  inch.  The  grout  used  had  been  developed  for  use  in  tuff  by  the 
Concrete  Division  of  the  U.  S.  Army  Engineer  Waterways  Experiment 
Station,  at  Jackson,  Mississippi.  The  properties  of  the  grout  were  as 
shown  in  table  1. 

Gages  were  attached  by  screws  to  each  mount.  Electrical  isolation  was 
obtained  by  inserting  a  small  insulating  washer  between  the  accelero¬ 
meter  and  the  mount.  Two  gages  were  used  at  each  location,  one 
oriented  to  measure  radial  motion,  and  a  second  oriented  to  measure 
horizontal  transverse  motion.  Small  charges  of  high  explosives  were 
detonated,  and  earth  motions  were  recorded  at  the  gage  locations  with 
shot-to-gage  distances  varying  from  50  to  200  feet. 

On  the  basis  of  the  data  from  the  surface  linear  array,  a  surface  circular 
array  of  gage  locations  was  laid  out  with  a  radius  of  100  feet  as  shown  in 
figure  4.  A  charge  weight  of  ,075  pounds  of  a  45%  bulk  strength  semi¬ 
gelatin  type  of  explosive  was  chosen  for  most  of  the  succeeding  shots. 
Instrumentation  limitations  permitted  the  use  of  six  pairs  of  gages  on 
each  shot  although  there  were  8  possible  gage  locations  around  the  circle. 
A  total  of  ten  shots  were  detonated  with  a  pair  of  gages  at  each  location 
from  southwest,  clockwise,  to  east,  inclusive.  Figure  5  is  an  enlarged 
view  of  the  shot  point  locations.  The  gages  were  then  moved  to  locations 
ranging  from  east,  clockwise,  to  northwest,  inclusive  and  an  additional 
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Fig.  2  -  Plan  View  of  Test  Area-  Surface  Array. 


Fig.  3  -  Typical  Gage  Mount  Installation-  Surface  Test. 
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ten  shots  were  detonated  with  depths,  etc.,  corresponding  to  those  of  ttie 
first  ten  shots.  Charges  in  shot  holes  8  to  10.  12  to  15.  18  and  20  to  25. 
were  detonated  at  various  depths  to  investigate  the  effect  of  charge  depth 
and/or  cratering  on  the  amplitudes  of  the  generated  shear  waves.  Charge 
depUis  varied  from  0.5  to  3.83  feet.  The  charges  were  1-1/8  inches  in 
diameter.  1  to  2  inches  long  and  tamped  to  completely  fill  the  hole.  A 
seismic  type  electric  blasting  cap  was  used  to  initiate  each  charge  deto¬ 
nation.  A  chronograph  contactor  was  inserted  into  each  charge  to  pro¬ 
vide  a  zero  or  detonation  time. 

Shots  11  and  19  were  placed  at  a  depth  of  3.83  feet  and  the  shot  hole  was 
then  filled  to  the  surface  with  grout.  The  grout  was  permitted  to  harden 
before  detonating  the  explosive  in  an  attempt  to  simulate  a  point  source 
type  of  charge.  Shots  16  and  26  '^ach  consisted  of  a  1-foot  long  charge  of 
400  grain/foot  detonating  fuse.  The  charge  was  centered  in  the  hole  pro¬ 
viding  an  annular  air  space  1/2  inch  thick  around  the  charge.  The  air 
space  decoupled  the  charge  from  the  drill  hole  and  reduced  tiie  amount 
of  cracking  and  crushing  in  the  hole. 

Shots  17  and  27  each  consisted  of  two  charges  joined  by  detonating  fuse. 
These  shots  were  based  on  the  principle  of  pre- splitting  (Paine.  Holmes 
and  Clark.  1962).  The  purpose  was  to  establish  and  propagate  a  crack 
between  the  two  holes  (  2  feet  apart)  and  thereby  enhance  the  amplitude 
of  the  shear  wave  generated.  Shot  27  was  not  useable,  however,  be¬ 
cause  tiie  detonating  fuse  did  not  detonate  the  second  charge  and  ampli¬ 
tudes  from  tile  single  charge  were  too  small  to  be  recorded. 

Data  Analysis 

A  typical  set  of  particle  acceleration  versus  time  records  from  the 
surface  linear  array  is  shown  in  figure  6 .  The  arrivals  of  the  longi¬ 
tudinal  and  shear  waves  are  noted  as  P  and  S  respectively.  The  re¬ 
sponse  of  the  radial  gages  indicates  one  difficulty  encountered  through¬ 
out  tiie  test  series.  The  first  peak  (downward  for  these  records)  was 
generally  much  smaller  in  amplitude  than  the  second  peak.  This  is  not 
typical  of  most  other  rock  types  investigated.  It  was  impossible  to 
achieve  optimum  gain  settings  for  both  the  first  and  second  peaks,  so 
tike  amplitude  of  most  first  peaks  as  recorded  is  small.  The  first 
arrival  of  tiie  pulse  and  the  subsequent  propagation  velocity  was  tiiere- 
fore  subject  to  more  error  than  normal.  However,  because  of  large 


Time  scale,  10  milliseconds 


R6  *  Radial  goge 
T6  «  Transverse  gage 
R  «  Shot'to-goge  distance 
P  *  P  wave  arrival 
S  *  S  wave  arrivol 

flC.  6  -  Typical  Vartlcla  Motion  Kacocdinga. 
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travel  titnes,  the  error  was  not  excessive.  The  limitation  of  "pickinjf* 
H**  first  arrival  time  precisely,  precliides  the  use  of  this  early  portion 
of  ttie  pulse  for  period  or  pulse  width  study. 

Figure  7  shows  an  enlargement  of  radial  and  transverse  recordings  and 
the  measurements  made.  The  quality  of  both  tracings  shown  is  con- 
•id«red  good.  The  radial  gage  tracing  is  representative  of  all  radial 
<l*ta.  About  50%  of  the  transverse  data  are  of  this  quality  and  the  bal¬ 
ance  vary  from  poor  to  no  recognixable  shear  wave  arrival. 

Table  2  gives  the  data  from  shots  2  through  7  of  the  surface  linear 
array.  Shear  wave  arrivals  were  not  identifiable  at  shot-to-gage  dis¬ 
tances  less  than  95  feet.  No  useable  information  was  recorded  at 
250  feet  because  of  lack  of  sensitivity  in  recording. 

The  calculated  longitudinal  and  shear  wave  propagation  velocities  were 
5,560  and  3,230  feet/second,  respectively. 

Figure  8  includes  plots  of  scaled  particle  acceleration  versus  scaled 
distance  for  data  from  the  first  and  second  peaks.  Most  of  the  data  is 
from  the  radial  gages.  The  second  peak  data  are  about  a  factor  of  four 
larger  than  the  first  peak  data,  and  have  a  slightly  lower  slope.  The 
transverse  or  shear  wave  data  are  shown  with  solid  symbols.  The  first 
peak  shear  wave  data  are  not  considered  reliable  because  of  the  limita¬ 
tions  in  picking  the  first  portion  of  the  pulse.  The  second  peak  shear 
wave  amplitude  data  agree  with  the  corresponding  radial  motion  anqdi- 
tudes  both  in  slope  and  magnitude. 

Scaled  period  data  have  been  plotted  versus  scaled  distance  as  shown  in 
figure  9.  The  period  data  noay  be  interpreted,  in  either  of  two  ways. 

At  a  given  distance,  the  period  of  a  pulse  generated  by  a  small  charge 
will  be  substantially  smaller  than  the  period  from  a  large  charge.  For 
a  given  charge  sixe,  the  period  of  a  pulse  recorded  at  a  small  distance 
will  be  substantially  less  than  the  period  recorded  at  large  distances. 
Both  interpretations  are  substantially  correct.  If  frequency,  the  re¬ 
ciprocal  of  period,  is  considered,  the  frequency  from  snoall  charges  is 
higher  than  from  large  charges  and  frequency  decreases  with  distance 
traveled  as  would  be  expected.  The  few  data  points  from  shear  waves 
indicate  that  somewhat  shorter  periods  or  higher  frequencies  mi^t  be 


Tracing  of  record  from  transverse  goge 


TA  =  Arrivol  of  P  or  S  wove 
A  or  a'-  1st  peok  omplitude 
B  or  B*  -  2nd  peok  omplitude 
C  or  C'-  One^holf  pulse  width 
D  or  o'  -  Record  bose  line 

7  -  Tfplcal  OftCa  MeasuroKata-  Surface  Studies . 
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TABLE  2.-  Surface  linear  array  test  data 


Shot  No. , 

Cage 

orientation— 

Distance 

Scaled 

Acceleration 

charge  weight,, 
charge  volume* 

distance 

1st  peak 

ft 

R/V^ 

A 

ft/ft 

«•» 

2 

R 

51 

455 

.0658 

W=:.101  lb 

1. 

R 

103 

920 

.00482 

V^=.112  ft 


3 

R 

49 

345 

W«.207  lb 

R 

101 

711 

.00759 

V^=.  142  ft 

R 

150.5 

1060 

.00183 

4 

R 

47 

290 

.204 

W=.303  lb 

R 

99 

611 

.0158 

162  & 

R 

R 

148.5 

197.5 

917 

U19 

.00435 

.00181 

5 

R 

99 

798 

.0247 

W=.  135  lb 

T 

151 

1218 

.00400 

R 

200.5 

1617 

.000900 

V^=.  124  ft 

T 

200.5 

1617 

.00962 

6 

R 

97 

782 

W=.  135  lb 

T 

97 

782 

.0249 

V^=.  124  ft 

R 

149 

1202 

.00190 

R 

198.5 

1601 

.000900 

T 

198.5 

1601 

.00231 

7 

R 

95 

963 

.00254 

W=:.068  lb 

T 

95 

963 

.0143 

¥^=.0986  ft 

R 

147 

1491 

.00222 

R 

196.5 

1993 

.000571 

T 

196.5 

1993 

.00299 

1/  R  =  gage;  T  =  Transverse  gage,  measured  values  are  shear  motion. 


TABLE  2.  -  Surface  linear  array  test  data 
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Scaled 

Acceleration 

Scaled 

Period 

Scaled 

Arrival 

Arrival 

acceleration 

2nd  peak 

acceleration 

period 

time 

time 

1st  peak 
AV^.g-ft 

A.  g*  s 

2nd  peak 
AV^.  g-£t 

T,  ms 

T/V^, 

ms/ft 

P  wave 

ms 

S  wave 

ms 

.00737 

.165 

.0185 

2.65 

23.7 

.000540 

.289 

.0324 

4.22 

37.7 

---- 

.395 

.0561 

2.65 

18.7 

8.76 

.00108 

.0493 

.00700 

4.  54 

32.0 

17.01 

.000260 

.0183 

.00260 

3.91 

27.5 

28.04 

.0330 

.663 

.107 

2.71 

16.7 

8.25 

.00256 

.111 

.0180 

3.91 

24.1 

17.51 

.000705 

.0275 

.00446 

4.28 

26.4 

27.66 

.000293 

.00726 

.00118 

6.30 

38.9 

36.04 

.00307 

.0494 

.00612 

2.71 

21.8 

18.27 

.000496 

.0105 

.00130 

3.15 

25.4 

52.35 

.000112 

.00360 

.000446 

5.67 

45.7 

36.47 

.000573 

.00782 

.000970 

3.65 

29.4 

62.56 

.0512 

.00635 

1.89 

15.2 

18.27 

.00309 

.0497 

.00616 

2.27 

18.3 

29.30 

.000236 

.0114 

.00141 

3.02 

24.3 

26.52 

.000112 

.00234 

.000290 

5.92 

47.7 

34.02 

.000286 

.00480 

.000595 

3.59 

28.9 

59.85 

.000250 

.0355 

.00350 

2.58 

26.1 

17.58 

.00141 

.0374 

.00369 

2.39 

24.1 

28.85 

.000219 

.0104 

.00103 

4.50 

46.5 

24.95 

.0000563 

.00228 

.000225 

4.54 

45.9 

35.78 

.000295 

.00359 

.000354 

4.73 

47.8 

58.46 

SCAI£D 


<9  -  Scaled  Pcriwi  'w«,  .Scaladi  TMilfaiq 
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ei^ecited  finom  afensax  wacves  tfeaira  from  lorngittudima,!  waves.  However,  the 
period  *«»*:»  as  read  irooa.  shear  arad  longitudimal  waves  may  mot  be  directly 
conqvarable.  Fsarthermore,  the  small  differences  noted  would  not  provide 
sufficiest  separatiom  for  the  use  of  electronic  filtering  as  a  routine  tool  for 
ffii<r3»ii(am  of  shear  waves. 

from  (flue  surface  aLrcular  array  are  given  in  table  3.  The  range  of 
scaled  distances  (672  feet#feet  to  1140  feet/feet)  does  mot  permit  a  com¬ 
parison  <aff  acceHeratioms  directly-  Scaled  accelerations  vary  by  more  flian 
a  factor  off  five  over  these  scaled  distances  if  the  regression  slope,  -3. 15, 
is  considered  valid  for  these  data.  All  values  were  therefore  adjusted  or 
to  iflue  values  wMch  would  have  been  obtained  had  all  file  gages 
i)f  f  Tin  placed  at  a  scaled  distance  of  1000  feet/feet-  Also,  the  data  from 
shots  16,  17,  26,  have  been  adjusted  for  the  difference  in  charge  sues. 

The  radial  or  longitudinal  values  are  given  in  table  4.  The  data 

are  rearranged  hy  shot  depth,  shot  hole  condition  and  direction.  The  data 
to  be  ^uite  random  at  first  glance.  Usual  statistical  analysis 
methods  are  too  rigorous  considering  the  number  of  unfilled  blanks  in  the 
taMe.  Also,  from  the  surface  linear  array,  scatter  by  a  factor  of  about 
2.5  times  would  be  within  one  standard  deviation  of  a  least  square  deter- 

■  Iff  directiom  or  shot  is  considered  separately,  most  values  in 
the  table  would  within  plus  or  minus  one  standard  deviafiKsa  from  the 
mean  for  set  of  data.  General  condusioms  cam  be  drawn  as  follows: 

I^  "Values  obtained  'in  north,  northeast,  or  east  direction  are 
JuagheT  than  values  obtained  in  the  other  directions, 

2,  Values  obtained  in  the  south  direction  are  lower  than  values 
obtained  in  other  directiiMns. 

3^  The  n»»st  scafier  occurs  in  the  norfis  direction  and  the  least 

in  fine  soufin  direction. 

4,  The  largest  amplitodes  are  generally  associated  with 
Shota  a.  12.  17,  aaad  11,  which  are  at  shallow  depths. 

5.  The  values  from  fine  decoupled  shots  16  and  26  are  smaller 

coupled  shot  data  as  expected. 
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6.  The  values  from  shots  11,  14,  and  Z3,  are  smaller  in  general, 
snd  are  from  the  deepest  shots.  However,  shot  19  does  not  fit 
this  pattern. 

7.  On  the  basis  of  statement  4  and  6,  a  slight  trend  of  decreasing 
longitudinal  amplitude  with  increasing  shot  hole  depfii  may  be 
implied. 

Shear  wave  acceleration  amplitudes  have  been  tabulated  in  table  5.  The 
values  have  been  adjusted  for  a  scaled  distance  of  1000  feet/feet  and  for  a 
scaled  charge  sixe  of  .  102  feet.  No  values  are  given  for  the  gage  in  the 
northeast  direction  because  of  tbe  "  ringing*  or  oscillatory  character  of 
data  from  this  location  which  obscured  shear  wave  arrivals.  Shear  waves 
were  identified  on  about  84%  of  the  records  where  “ringing^'  did  not  exist. 
Shear  wave  generation,  transmission,  and  identification  are  generally  good. 
Shear  wave  amplitudes  are  usually  less  than  the  corresponding  longitudinal 
wave  amplitudes.  General  conclusions  can  be  drawn  as  follows: 

1.  Shear  wave  amplitudes  were  greater  in  the  east  and  norfimest 
directions  . 

2.  Shear  wave  amplitudes  were  smaller  in  the  north  and  south'-' 
east  directions. 

3.  The  most  scatter  occurs  in  the  west  direction  and  the  least 
in  the  north  direction. 

4.  Shear  wave  amplitudes  appear  to  be  considerably  larger  from 
the  charges  which  were  cemented  in  place. 

An  aiAlysis  technique  used  in  the  granite  report  (Scholls  and  Hooker,  19^1) 
eras  again  used  in  analysing  the  data  from  tuff.  A  certain  amount  of  ran¬ 
domness  emsted  in  the  longitudinal  wave  amplitude  from  point  to  point 
around  the  circle.  Additional  variations  were  noted  at  the  same  gage  lo¬ 
cations  from  two  shots  at  different  positions  but  at  the  same  deptti.  These 
variations  are  attributed  to  variations  in  the  rock  either  at  the  shothole 
or  over  the  propagation  path,  or  both.  The  variations  evident  in  the  longi¬ 
tudinal  wave  amplitudes  might  also  be  expected  to  appear  in  the  recorded 
amplitades  of  the  shear  waves.  In  an  attempt  to  remove  the  variations. 
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1/  Location  is  100  it  at  azimuth  shown.  R*  radial  gage,  T  ■  transverse  gage,  values  are  shear  motion. 
7/  Depth  is  measured  irom  surface  to  bottom  of  charge. 
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U  Location  is  100  ft  at  azimuth  shown,  R  =  radial  gage,  T  =  transverse  gage,  values  are  snear  motion. 
Depth  is  measured  from  surface  to  bottom  of  charge. 


\l  Adjusted  to  R/V^  *  1000  and  V*.  .  102. 
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Detonating  fuse -decoupled  shot. 

4/  Charges  cemented  in  shothole. 
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the  shear  amplitudes  were  expressed  as  a  ratio  of  the  lonfitudinal  ampli^ 
tudes  and  are  given  in  table  6.  General  conclusions  can  be  drawn  as 
follows: 

1.  Largest  values  lor  the  ratio  of  amplitudes  were  obtained  in 
the  south  and  northwest  directions. 

2.  Smallest  ratio  values  were  obtained  in  the  north  direction. 

3.  Largest  values  of  the  ratio  of  amplitude  were  obtained  from 
shots  11.  14,  19.  23.  24,  and  25.  which  were  the  deepest 
shots. 

4.  A  few  high  values  for  the  ratio  were  obtained  from  shots  16 
and  26  which  were  the  decoupled  shots. 

All  period  data  were  converted  to  frequency  so  that  the  predominant  fre> 
quencies  obtained  from  shear  and  longitudinal  waves  could  be  compared. 
The  average  frequency  of  the  longitudinal  waves  was  335  dk  37  cycles  per 
second.  The  average  frequency  for  the  shear  waves  was  358  dk  69  cycles 
per  second.  The  average  of  the  ratios  of  longitudinal  frequency  to  shear 
frequency  was  1.06  dk  .  17.  These  data  verify  that  no  real  differences  exist 
in  the  frequencies  of  the  two  waves  as  recoxded.  Filtering  techniques 
under  ttiese  ccmditions  would  have  added  nothing  to  identification  of  die 
diear  waves. 

Table  7  gives  a  summary  of  the  data  obtained  from  the  circular  array. 

The  velocities  and  anqilitudes  are  averaged  for  each  direction.  The 
elastic  constants  are  calculated  assuming  the  density  of  tufi  to  be  106 
pounds  per  cubic  foot.  No  real  correlation  between  the  elastic  constants 
and  shear  wave  amplitude  was  discernible.  The  amplitude  of  die  shear 
wave  was  strongly  affected  by  direction  of  propagation.  For  many  indi> 
vidual  pairs  of  records,  a  correlation  exists  between  die  shear  and  longi-> 
twiiwal  wave  amplitudes.  The  shear  amplitude  is  usually  larger  if  die 
loi^tudinal  amplitude  is  small  and  vice  versa. 

A  strong  velocity  gradient  exists  in  the  test  area  increasing  in  the  south 
anH  soudiwest  directions.  Additionally,  shot  point  location  has  a  strong 
effect  on  propagation  velocities.  Those  shot  points  east  of  a  north-south 


TABLE  6.  -  A  /A  ,  ratio  of  ahoar  to  longitudinal  amplitudaa 
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line  through  the  center  of  the  area  yield  velocities  up  to  400  feet  per 
second  faster,  measured  in  any  radial  direction,  than  shot  points  west 
of  the  center  line.  Most  of  these  shot  points  are  less  than  lO  feet  apart. 
On  the  basis  of  the  in  situ  velocity  changes  noted  and  the  laboratory  de¬ 
termined  values,  the  tuff  appears  to  be  a  very  inhomogeneous  mass  with 
many  stringers,  lenses,  boulders,  etc.  The  medium  changes  drastically 
laterally  and  with  depth  and  these  variations  are  not  visually  detectable. 

Discussion  of  Results 


No  unique  physical  mechanism  was  determined  as  the  source  of  generated 
shear  waves.  Charge  depth,  maximum  crater  formation,  minimum  shot 
hole  fracturing  through  decoupled  shots  did  not  have  strong  effects  on  the 
amplitude  of  the  shear  wave  generated.  The  amplitude  of  both  longitudinal 
and  shear  waves  was  dependent  upon  the  direction  of  propagation.  The 
ratio  of  shear  to  longitudinal  amplitudes  also  varied  with  azimuth. 

The  period  of  frequency  of  both  wave  types  varied  slightly  with  azimuth. 
However,  no  significant  differences  existed  between  the  predominant  fre¬ 
quencies  of  either  wave  due  to  depth,  shothole  condition,  or  direction. 

The  resiilts  generally  compare  with  those  obtained  from  similar  tests  in 
granite  (Nicholls  and  Hooker,  1962).  Similar  results  have  also  been  re¬ 
ported  from  large  chemical  explosive  tests  and  from  nuclear  tests. 

Conclusions 


Xhe  primary  purpose  of  this  portion  of  the  program  was  to  study  the 
generation  and  propagation  of  shear  waves  from  an  explosive  source  and 
to  compare  these  results  to  theory  and  to  longitudinad  waves  propagated 
in  the  same  media.  It  was  believed  that  a  better  understanding  of  shear 
waves  might  assist  in  the  identification  of  the  type  of  earth  motion  which 
generated  particular  seismic  waves.  That  is,  some  distinction  between 
man-made  and  naturally -induced  seismic  waves  might  provide  a  positive 
nuclear  detection  system. 

The  study  of  shear  waves  appeared  to  offer  a  simple  solution  since  a 
point  source  theoretically  should  not  generate  shear  waves.  Studies  in 
two  rock  types,  granite  and  tuff,  indicate  that  under  the  test  conditions 
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imposed,  shear  waves  are  always  present.  The  presence  or  absence  of 
shear  waves  does  not  appear  to  be  adequate  to  delineate  between  explo> 
sive  and  natural  seismic  sources. 

In  both  rock  types,  it  is  assumed  that  conditions  approaching  a  point 
source  were  never  met  sufficiently  to  preclude  shear  wave  generation. 
Additionally,  the  inhomogeneity  and  isotropy  of  both  ^ck  types  may 
have  contributed  greatly  to  the  shear  wave  generation.  Any  departure 
from  symmetry  at  the  source  or  from  a  uniform  media  generates  shear 
waves  or  converts  other  waves  to  shear  waves.  The  amount  of  fractur¬ 
ing  and  crushing  of  rock  at  the  source  appears  to  have  little  bearing  on 
the  amplitude  of  shear  waves. 

A  directional  effect  was  noted  in  both  granite  and  tuff  with  shear  wave 
enharnement  in  preferred  directions  in  both  rock  types.  The  directional 
effect  undoubtedly  varies  from  one  site  to  another  and  probably  within  a 
site  if  the  mediiun  is  not  uniform. 

Shear  waves  are  probably  generated  by  all  explosive  sources  because 
of  non- symmetry  and  enhanced  by  conversion  during  propagation. 
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CHARACTERISTIC  IMPEDANCE  COUPUNG 
Teat  Purpose 


The  primary  purpose  of  the  linear  array  test  series  in  tuff  was  to  study 
the  effects  of  characteristic  impedance  matching  in  the  tuff  medium.  The 
characteristic  impedance  of  a  rock  is  defined  as  the  product  of  rock 
density  and  longitudinal  propagation  velocity.  Similarly,  for  an  explo¬ 
sive,  characteristic  impedance  is  the  product  of  explosive  density  and 
detonation  velocity.  The  ratio  of  the  characteristic  impedance  of  the 
explosive  to  the  characteristic  impedance  of  the  rock  is  defined  as  the 
characteristic  impedance  ratio.  It  has  been  shown  that  if  this  ratio  is 
nearly  1.0,  the  pressure  or  stress  transmitted  to  the  medium  is  approxi¬ 
mately  the  pressure  generated  by  the  explosion  and  that  the  energy  trans¬ 
ferred  to  the  rock  is  a  maximum  (Nicholls  and  Hooker,  1962).  If  the 
ratio  is  much  less  than  1.0,  the  stress  in  the  medium  is  greater  than 
that  predicted  by  acoustic  theory  but  the  amount  of  energy  transferred  is 
considerably  less.  Shock  wave  theory  indicates  that  pressure  enhance¬ 
ment  may  be  greater  than  the  factor  of  2.0  predicted  by  acoustic  theory 
(Courant  and  Friedricks,  1948;  Nicholls  and  Duvall,  1963). 

The  test  was  designed  to  provide  data  for  a  study  of  the  effects  of  char¬ 
acteristic  impedance  on  explosion-generated  strain,  acceleration,  and 
particle  velocity  and  strain  energy.  The  tests  in  granite  covered  a 
range  of  characteristic  impedance  ratios  from  .16  to  .52.  The  tests  in 
tuff  as  planned  would  provide  data  over  a  range  of  ratios  from  .40  to 
1.90.  This  range  was  not  accomplished  in  the  tuff  however. 

Experimental  Procedure 

The  linear  array  test  area  was  prepared  by  air  drilling  6-inch  diameter 
shotholes  and  3-inch  diameter  gage  holes  vertically  to  a  depth  so  that 
the  center  of  gravity  of  the  explosive  charges  and  the  recording  gages 
would  be  on  a  common  horizontal  plane  at  an  average  depth  of  26  feet. 

In  the  process  of  drilling,  air  blast  caused  considerable  erosion  on  the 
walls  of  the  holes.  Subsequently,  all  gage  holes  were  reamed  to  3-1/4 
inches  in  diameter  to  insure  easier  and  more  reliable  placement  of  the 
gages. 
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A  core  of  rock  with  a  strain  gage  and  accelerometer  attached,  as  pre¬ 
viously  described  in  this  report,  was  cemented  into  each  gage  hole.  The 
cores  were  tuff,  obtained  from  the  Nevada  Test  Site,  On  the  basis  of 
laboratory  determined  mechanical  properties  of  the  ttiff  core  (table  1), 
the  tuff  could  be  divided  into  two  types.  The  distinction  between  types 
was  not  as  great  as  for  the  Hackberry  Mountain  tuff  and  did  not  signi¬ 
ficantly  affect  the  results.  The  properties  of  the  grout  used  to  cement 
these  gages  in  were  given  in  table  1.  These  gage  units  were  placed  with 
sufficient  accuracy  so  that  shot-to-gage  distances  were  known  within 
0.2  feet  and  were  oriented  to  measure  radial  strains  and  particle  motions. 
A  plan  view  of  the  test  area  is  shown  in  figure  10.  Two  parallel  sets  of 
drillholes  are  shown.  The  B1-B4  series  of  holes  were  used  for  small 
charges  detonated  as  calibration  shots.  Holes  S1-S8  were  shotholes  and 
holes  Acl  thru  Ac  12  were  gage  holes. 

The  shooting  sequence  in  each  of  the  two  arrays  was  from  the  outermost 
hole  toward  the  gage  holes  so  that  no  broken  rock  was  between  the  shot 
and  the  gages.  Strain  and  particle  acceleration  were  recorded  from  each 
shot  at  six  different  shot-to-gage  distances.  No  data  were  obtained  from 
one  accelerometer  because  of  a  broken  lead  wire  down  in  the  hole  which 
could  not  be  reached  for  repair. 

The  explosive  charges  were  single,  rigid  packed  cartridges  5-1/2  inches 
in  diameter  and  30  inches  in  length.  Physical  properties  of  the  four  ex¬ 
plosives  used  are  given  in  table  8.  Each  charge  was  primed  at  the  bottom 
with  a  No.  6  seismic  electric  blasting  cap  and  a  30-gram  PETN  booster. 
Detonation  rates  of  the  explosives  were  measured  by  inserting  a  pair  of 
targets  2  feet  apart  in  the  cylindrical  charge  and  recording  the  time  for 
the  detonation  wave  to  travel  from  one  target  to  the  other  on  a  micro¬ 
second  chronograph  counter.  Three  feet  of  sand  stemming  was  sufficient 
to  contain  three  of  the  explosives  and  yet  permit  the  hole  to  blow  so  that  re¬ 
entry  could  be  made  for  cavity  measurements.  However,  the  first  two 
shots  of  SG  45  did  not  blow,  and  after  unsuccessful  attempts  at  cavity  re¬ 
entry,  the  sand  stemming  was  reduced  to  2  feet  for  the  remaining  SG  45 
shots. 
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Data  Analysis 

A  «ct  of  typical  records  obtained  in  tuff  is  shown  in  figure  11.  Trace  2 
represents  the  radial  particle  velocity  at  ga.ge  A5  as  electronically  inte 
grated  from  the  recorded  acceleration.  At  the  shot-to-gage  distances 
of  die  test  series,  the  pulse  shapes  of  radial  strain  and  radial  particle 
velocity  should  be  identical  as  is  evident  in  comparing  the  early  parts 
of  traces  1  and  2.  In  later  portions  of  the  traces,  agreement  is  not  ex¬ 
pected  because  of  reflections  from  the  air-tuff  surface.  The  time  and 
amplitude  measuremoits  made  on  each  recorded  pulse  for  detailed 
study  are  shown  in  figure  12. 


Strain 


The  primary  purpose  of  the  analysis  of  the  strain  pulse  data  was  to  de¬ 
termine  how  radial  strain  was  propagated  in  tuff  and  how  it  was  affected 
by  different  explosives.  Also,  the  arrival  times  of  the  strain  pulses  were 
used  in  the  determination  of  the  subsurface  propagation  velocity.  An 
attempt  was  made  to  record  a  zero  or  detonation  time  for  the  first  few 
shots  but  extreme  shot  noise  which  deteriorated  the  quality  of  these 
records  forced  abandonment  of  the  procedure.  As  a  result,  interval 
arrival  times,  using  flie  closest  gsigc  to  the  shot  as  a  reference,  were 
used  for  propagation  velocity  measurements.  Velocity  variations  were 
noted  at  depth  as  in  the  surface  studies.  However,  an  additional  con¬ 
tributing  factor  to  the  variations  in  the  subsurface  data  may  have  been 
that  propagation  velocity  varied  with  stress  level.  The  average  propa¬ 
gation  velocity  for  aU  16  shots  was  6,  080  +  460  feet  per  second. 

From  strain  record  measurements,  peak  strain  versus  scaled  distance 
was  plotted  on  log -log  coordinates  for  each  of  the  16  shots.  Study  of 
these  ploU  revealed  that  nominal  gage  sensitivities  were  not  proper  and 
to  some  extent,  gage  corrections  would  be  needed.  Probable  causes  of 
such  differences  in  sensitivity  are  either  in  the  elastic  properties  of  die 
cement  or  the  degree  of  bonding  between  the  gage  and  rock.  To  obtain 
the  ampUtude  corrections,  a  least-square  line  was  determined  for  each 
shot  and  an  analysis  of  irnriance  made  for  the  total  number  of  shots.  The 
statistical  analysis  indicated  that  a  common  slope  could  be  used  for  all^ 
the  data.  A  standard  gage  was  selected  from  each  array  and  ratios  of  the 


42 


I.  Stroin  in/in)  recorded 
of  goge  cS 


2. 


Velocity  (in/sec)  integroled 
from  goge  A5 


3, 


Acceleration  ( g*s )  recorded 
ot  gage  5 


4.52 


6.250  milliseconds 

hH 

Shot  no.  17- S6 
Explosive -26.6  lb  AGIO 
Distance  *  30  ft 


Fl*.  11  -  Typical  False  Shapes. 


T 


43 


kA-l^ 

V  «» 


kA4-i,4-t,'i 


A.  Detonation  of  charge 

B.  Start  of  pulse 

C.  First  peak  amplitude 
0.  End  of  fall  time 

TA.  Arrival  time  for 


tf.  Rise  time 
tf.  Fall  time 

Compression  or  positive  time 
Reek  positive  amplitude 
C|,  Tensile  or  negotive  amplitude 


Fift-  12  -  Pulse  tecord  Me*sare«E«ts. 


44 


recorded  strain  to  0»e  strain  rralne  «m  the  conunon  elope  line  nt  eadt  of  Use 
other  gage  positions  lor  each  array  were  obtained  lor  each  shot.  The 
atrerage  ratio  obtained  lor  each  gage  was  as  follows:  cl-l.Sl,  cZ-2.44« 
c3'3.09.  <-4-2.06.  <5-2.91.  <6-  standard.  <7-1.53.  <8-3.01.  <9-standard. 
<10-1.23.  <11-3.55.  <12-1.35.and  these  ratios  were  applied  as  a  mmlti.- 
plying  correction  factor  to  the  compressirre  and  tensile  aangditodes  of  each 
strain  recording.  The  strain  data,  with  adjusted  amplitudes,  are  grren 
in  tables  9  to  12. 


Plots  ol  adjusted  strain  data  versus  scaled  distance  for  each  explosive  are 
given  in  figures  13  to  16  and  show  iftat  strain  can  be  r^resented  as  a 
function  at  distance  by  the  equation: 

<  *  K  «R/vV  |1| 


and 


<  2:  peak  compressive  strain. 

K  =  strain  intercept  constant  at  a  scaled 
distance  of  1. 


fi  s  shot— to-gage  distance. 

vi=  cdbe  root  ol  the  charge 
factor. 

R;71^  scaled  distance. 


n  ~  *  ■pmwn^itnfr  slopc  of  the  r^gmssion  curve. 


The  tensile  phase  of  tibe  strain  pulses  was  found  to  be  coimnparatively  larger 
rttiaiBi  itfc^  cminpressive  phase  over  naost  at  scaled  distance  raage  covered 
in  lAiese  tests.  This  presented  problems  in  determining  gain  settings  lor 
dbtairung  irujWHiirittiinimi  records  dmurnimg  iHK^  program.  liiGg— log  coordinate 

plots  of  the  adjusted  tensile  strain  versus  scaled  distance  are  shown  in 
figures  17  to  Zd.  The  tensile  strain  data  were  represeotted  by  the  same 
function  given  by  equatisn  (Ij.  Only  l&e  data  represented  by  circles  on 
each  plot  were  used  for  Idac  regression  analysis. 


The  strain  represented  by  ttriargles  inficates  finat  the  teansile  phase 
at  the  strain  pulse  reaches  a  mariimuam  at  a  scaled  dnstamce  of  about 
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SCAUEID  DISTANCE-  R/V^,  It/It 
Figure  13  -  Strain  v».  Scaled  Distance  lor  Ex^osive  AD  10 
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Figure  15  -  Strain  V3.  Scaled  Distance  for  Explosive  AD-P 


55. 


40  ft/ft  and  then  decreases  with  decreased  shot-to-gage  distance.  At  a 
scaled  distance  of  less  than  6.7  ft/ft,  no  tensile  phase  exists  within  the 
first  80  milliseconds  after  the  arrival  of  the  strain  pulse.  Similar  results 
have  been  noted  in  salt  (Nicholls  and  Hooker,  1962a).  Duvall  (1953)  has 
shown  that  this  phenomena  is  theoretically  predicted.  He  stated  "as  the 
distance  from  the  cavity  decreases,  the  oscillatory  nature  of  the  pulse  de¬ 
creases"  .  In  Duvall*  s  paper,  the  strain-wave  pulse  becomes  one-sided 
(compression  only)  at  a  distance  of  from  2  to  5  times  the  cavity  radius. 
The  cavity  is  the  resultant  cavity  after  detonation  of  the  explosive  charge. 
Both  compressive  and  tensile  strain  propagation  law  constants  and  their 
standard  deviations  are  given  in  table  13. 


The  radial  strain  energy  radiated  outward  per  unit  area  is  given  by  the 
equation: 


where 


and 


E  =  total  radial  strain  energy  per  unit  area, 
p  rock  density, 

c  =  longitudinal  propagation  velocity  of  the  rock, 
=  radial  compressive  strain, 
t  =  time. 


The  method  used  for  obtaining  the  integral  portion  of  the  energy  equation 
was  to  plot  the  square  of  the  radial  compressive  strain  as  a  function  of 
time  and  then  evaluate  the  area  under  the  curve  by  the  trapezoidal  rule 
of  approximation.  The  energy,  E  ,  the  distance,  R,  and  the  scaled 
quantities  for  each  are  summarized  by  explosive  in  tab^s  14  to  17.  For 
those  records  obtained  over  small  shot-to-gage  distances,  where  long 
term  compressive  yielding  or  permanent  deformation  occurred  (see  the 
upper  trace  of  figure  12),  no  energy  data  could  be  calculated.  Plots  of 
scaled  energy  versus  scaled  distance  were  made  on  log-log  coordinate 
paper  as  shown  in  figures  21  to  24.  The  linear  grouping  of  the  data  indi¬ 
cates  that  the  propagation  of  scaled  radial  strain  energy  per  unit  area  may 
be  represented  by  the  equation: 
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TABLE  14,  -  Strain  energy  data-  Explosive  AD  10 


Shot  designation, 
charge  weight, 
charge  volume, 
volume^ 

Shot-to-gage 

distance 

R 

ft 

Scaled 

distance 

R/V^ 

ft/ft 

Energy  per 
unit  area 

E 

»  2 
ft-lb/ft 

»  lO"^ 

Scaled  energy 
per  unit  area 

E  /V^ 
a 

ft-lb/ft^ /ft 
*  10"^ 

5-  SIO 

35 

47.0 

613 

822 

W=26.6  lb 

45 

60.4 

233 

313 

V=.412  cuft 

55 

73.8 

132 

177 

vi=  .745  ft 

70 

93.9 

61.7 

82.8 

80 

107 

24.8 

33.2 

90 

121 

45.6 

61.2 

9-  S13 

60 

80.5 

147 

197 

W=26.6  lb 

50 

67.1 

124 

166 

Vs.4U  cuft 

40 

53.7 

605 

812 

Vts  .745  ft 

25 

33.6 

1409 

1891 

15 

20.1 

5364 

7200 

5 

6.71 

• 

♦ 

12-  SI 

50 

67.1 

489 

657 

W=^6.6  lb 

60 

80.5 

273 

366 

V=.412  cu  ft 

70 

93.9 

101 

136 

vis  .745  ft 

85 

114 

35.6 

47.7 

95 

127 

« 

a 

105 

141 

13.2 

17.8 

17-  S6 

75 

101 

70.9 

95.1 

Ws26.6  lb 

65 

87.2 

157 

210 

Vs. 412  cu  ft 

55 

73.8 

187 

251 

vis  .745  ft 

40 

53.7 

638 

857 

30 

40.3 

1444 

1938 

20 

26.8 

2968 

3984 

no  data 
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TABLE  15.  -  Strain  energy  data-  Explosive  AD  ZOA 


Shot  designation. 

Shot-to-gage 

Scaled 

Energy  per 

Sca].ed  energy 

charge  weight. 

distance 

distance 

unit  area 

per  unit  area 

charge  volume, 
volume^ 

R 

R/V^ 

E 

»  2 

E  /V^ 

a  2 

It 

ft/ft 

ft-lb/ft 

X  10*^ 

ft-lb/lt  /ft 

X  10"^ 

4-  S16 

105 

141 

16.3 

21.9 

W=21.7  lb 

95 

127 

20.2 

27.1 

•  412  cu  ft 

85 

114 

26.6 

35.7 

V»=:  .745  ft 

70 

93.9 

130 

174 

60 

80.5 

269 

361 

50 

67.1 

686 

921 

8-  Sll 

20 

26.8 

1949 

2616 

W=21.7  lb 

30 

40.3 

361 

484 

V=,4U  cu  ft 

40 

53.7 

688 

924 

vis  .745  ft 

55 

73.8 

188 

252 

65 

87.2 

135 

182 

75 

101 

72.3 

97.1 

16-  S7 

90 

121 

32.8 

44.0 

W=21.7  lb 

80 

107 

47.2 

63.3 

Ys.412  cu  ft 

70 

93.9 

67.8 

91.0 

vis  .745  ft 

55 

73.8 

297 

398 

45 

60.4 

563 

755 

35 

47.0 

1688 

2266 

19-  S4 

5 

6.71 

a 

a 

Ws21.7  lb 

15 

20.1 

7165 

9618 

V=.4l2  cuft 

25 

33.6 

1642 

2204 

vis  .745  ft 

40 

53.7 

839 

1126 

50 

67.1 

394 

529 

*  No  data 

60 

80.5 

155 

206 

59 


TABLE  16«-  Strain  energy  data-  Explo«ive  AD-P 


Shot  designation, 
charge  weight, 
charge  volume, 
volumei^ 

Shot-to-gage 

distance 

R 

ft 

Scaled  Energy  per 
distance  unit  area 

R/Y^  E 

•  2 

ft/ft  ft-lb/ft 

*  lO'^ 

Scaled  energy 
per  unit  area 

E  /Y^ 

*  2 

ft-lb/ft  /ft 

X  10‘^ 

6-  S15 

90 

121 

33.5 

45.0 

W=19.6  lb 

80 

107 

146 

197 

V;.412  cuft 

70 

93.9 

88.7 

119 

.745  ft 

55 

73.8 

269 

361 

45 

60.4 

e 

e 

35 

47.0 

2539 

3408 

10-  S12 

5 

6.71 

68,070 

91,400 

Wsl9.6  lb 

15 

20.1 

8836 

11,860 

Vv.4U  eu  ft 

25 

33.6 

1290 

1732 

.745  ft 

40 

53.7 

183 

246 

50 

67.1 

e 

e 

60 

80.5 

39.8 

53.4 

14-  SB 

105 

141 

17.8 

23.9 

Wsl9.6  lb 

95 

127 

49.0 

65.8 

Yf.412  cu  ft 

85 

114 

25.5 

34.2 

.745  ft 

70 

93.9 

100 

134 

60 

80.5 

165 

221 

50 

67.1 

283 

380 

18-  S3 

20 

26.8 

3521 

4726 

ir=19.6  lb 

30 

40.3 

1487 

1996 

Y«.412  cuft 

40 

53.7 

729 

979 

Yi=  .745  ft 

55 

73.8 

292 

392 

65 

87.2 

133 

179 

75 

101 

45.0 

60.4 

•  Mo  data 
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TABLiE  17.-  Stra.ip  energy  data-  Eaq>lo«ive  >SG  45 


Shot  designation, 
charge  weight, 
charge  'volome, 
wolnme^ 

Shot-to-gage 

distance 

R 

ft 

Scaled  Energy  per 
distance  unit  area 

R/vi  E 

*  2 

ft/ft  ft-lb/ft 

X  10'^ 

Scaled  energy 
per  unit  area 

E  /V^ 

*  2 

ft-ib/ft  /ft 

*  lO'^ 

2-  S9 

50 

67.1 

515 

691 

W=29.2  lb 

60 

80.5 

264 

354 

Vf.412  cuft 

70 

93.9 

143 

192 

V»=  .745  ft 

85 

114 

67.2 

90.2 

95 

127 

65.8 

88.3 

105 

141 

75.1 

101 

7-  S14 

75 

101 

119 

160 

W^9.2  lb 

65 

87.2 

120 

162 

▼s.412  ca  ft 

55 

73.8 

535 

717 

.745  ft 

40 

53.7 

1109 

1489 

30 

40.3 

1963 

2635 

20 

26.8 

2937 

3942 

15-  S2 

35 

47.0 

2995 

4020 

W=29.Z  lb 

60.4 

1209 

1623 

T:=.4Ucaft 

55 

73.8 

551 

740 

▼is  .745  ft 

70 

93.9 

202 

271 

80 

107 

92.9 

125 

90 

121 

45.7 

61.4 

20-  S5 

60 

80.5 

156 

210 

W=29.2  lb 

50 

67,1 

255 

342 

▼s.4l2  caft 

40 

53,7 

lOU 

1358 

▼^=  .745  ft 

25 

33.6 

1843 

2474 

15 

20.1 

U.176 

16.340 

5 

6.71 

a 

a 

I 

I 

I 

I 

I 

I 


6  8  10  20  40  60  80  100  200 

SCAL£X>  D1STANCC>R/V^.  ft/ft 

Figure  2 loScalcd  JEnergy^  its.  Scaled  Dietance  for 
Ea^oaiYe  AD  10 


6  8  10  20  40  60  100  200  400 


SCALED  DISTANCE-  R/V^,  ft/ft 

Figure  22-  Seeled  Energy  vs.  Seeled  Disteaee  for 
Eaqplosive  AD  20  A 


SCALED  DISTANCE-  R/V^,  ft/ft 

Figure  23-  Scaled  Energy  vs.  Scaled  Distance  for 
Explosive  AD-P 
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SCALED  DISTANCE- R/V^,  ft/ft 

Figure24-  Scaled  Energy  vs.  Scaled  Distance  for 
Explosive  SG  45 
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E  /V^  K  (R/V^) 
a 

where 


(3) 


K  =  strain  energy  intercept  constant, 
a.nd  n  =  strain  energy  decay  exponent  or  slope. 

The  values  of  K  and  n  arc  given  in  table  13. 

Particle  Acceleration 


Particle  acceleration  data  are  given  in  tables  18  to  21.  Amplitude  and 
time  measurements  were  the  same  as  the  measurements  of  strain  re¬ 
cords.  Positive  acceleration  is  defined  as  motion  radially  outward  from 
the  shotpoint  and  negative  acceleration  as  radial  motion  toward  the  shot- 
point. 


Scaled  peak  positive  acceleration  distance  was  plotted  versus  scaled 
distance  as  shown  in  figures  25  to  28.  Plots  of  scaled  peak  negative 
acceleration  data  versus  scaled  distance  are  shown  in  figures  29  to  32. 
The  vertical  line  through  each  set  of  data  represents  one  standard 
deviation  unit  about  the  mean  of  the  data.  Because  the  plots  are  linear 
on  log-log  coordinate  plots,  particle  acceleration  can  be  represented 
by  the  following  equation: 


AV^=K(R/V^)"  (4) 

where 

A  =  peak  acceleration, 

Avt  scaled  acceleration. 


K  =  intercept  at  scaled  distance  of  1, 

1 

R/V^=  scaled  distance, 
n  =  slope  or  decay  exponent. 


Statistical  methods  were  used  to  calculate  the  value  of  n  and  four  values 
of  K  (one  for  each  explosive)  for  positive  acceleration  and  corresponding 
values  for  negative  acceleration.  The  values  of  K  and  n  and  the  standard 
deviations  are  given  in  table  22. 
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TABLiE  18.  -  Linear  array  particle  acceleration  data-ExpIosive  AD  10 


Shot  designation, 
charge  weight, 
charge  volume, 
volume* 

Gage  No. 

Shot-to-gage 

distance 

R 

It 

Scaled 

distance 

R/V^ 

It/It 

Peak 

positive 

accele¬ 

ration 

A 

g'  • 

Scaled 

positive 

accele¬ 

ration 

AV^ 

g'  S  X  It 

5-  SIO 

A7 

35 

47.0 

« 

e 

W»26.6  lb 

A8 

45 

60.4 

e 

* 

Vs. 412  cu  It 

A9 

55 

73.8 

* 

e 

Vt  .745  ft 

AlO 

70 

93.9 

e 

♦ 

All 

80 

107 

e 

* 

A12 

90 

121 

e 

e 

9-S13 

A7 

60 

80.5 

.498 

.371 

Ws26.6  lb 

A8 

50 

67.1 

.992 

.739 

Vf.412  cu  It 

A9 

40 

53.7 

1.74 

1.30 

V*»  .745  ft 

AlO 

25 

33.6 

8.12 

6.05 

All 

15 

20.1 

22.6 

16.8 

A12 

5 

6.71  300 

224 

12-  SI 

A1 

50 

67.1 

1.55 

1.15 

Ws26.6  lb 

A2 

60 

80.5 

1.11 

.827 

V=.412  cu  It 

A3 

70 

93.9 

1.12 

.834 

vis  .745  It 

A4 

85 

114 

.305 

.227 

A5 

95 

127 

.286 

.213 

A6 

105 

141 

* 

« 

17-  S6 

A1 

75 

101 

.312 

.232 

Ws26.6  lb 

A2 

65 

87.2 

.264 

.197 

Vs.  412  cu  It 

A3 

55 

73.8 

.727 

.542 

vis  .745  ft 

A4 

40 

53.7 

2.13 

1.59 

A5 

30 

40.3 

4.  52 

3.37 

A6 

20 

26.8 

* 

* 

*  No  data 


67 


TABLE  18.-  Linear  array  particle  acceleration  data -Explosive  AD  10 


Negative 

Peak  Negative 

Acceleration 

Acceleration 

Velocity 

Velocity 

accele- 

positive  velocity 

rise  time 

fall  time 

rise 

fall 

ration 

velocity 

time 

time 

A 

V 

V 

t 

r 

‘f 

t 

r 

‘f 

in/sec 

in/sec 

sec 

sec 

sec 

sec 

X  10"^ 

X  10‘^ 

X  10“^ 

X  10“^ 

* 

a 

a 

a 

a 

a 

a 

* 

a 

a 

a 

a 

a 

a 

« 

a 

a 

a 

a 

a 

a 

* 

a 

a 

a 

a 

a 

a 

* 

a 

a 

a 

a 

a 

a 

« 

a 

a 

a 

a 

a 

a 

2.99 

.144 

.803 

2.625 

2.625 

3.000 

2.625 

3.97 

.267 

1.01 

2.399 

2.336 

2.588 

2.588 

5.84 

.433 

1.58 

2.020 

2.525 

2.336 

2.652 

14.9 

1.38 

3.46 

1.136 

2.146 

1.389 

2.399 

24.0 

2.97 

5.76 

.568 

2.210 

1.199 

2.146 

144 

37.6 

51.5 

1.389 

1.515 

1.452 

1.957 

4.64 

.337 

1.19 

1.894 

2.588 

2.273 

2.904 

3.54 

a 

a 

2.375 

2.125 

a 

a 

1.53 

.343 

.363 

2.125 

2.250 

2.688 

2.188 

1.48 

.0664 

.365 

3.078 

2.638 

2.827 

3.015 

1.18 

.0857 

.366 

3.455 

2.827 

3.329 

3.078 

a 

a 

a 

a 

a 

a 

a 

1.87 

.0789 

.502 

3.598 

2.336 

3.788 

2.525 

2.00 

.0839 

.558 

3.266 

2.575 

3.329 

2.764 

2.59 

.228 

.836 

2.827 

2.387 

3.141 

2.387 

5.33 

.544 

1.46 

2.146 

2.210 

2.210 

2.336 

10.1 

.925 

2.65 

1.389 

2.146 

1.515 

2.146 

a 

a 

a 

a 

a 

a 

a 

*  No  data 
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TABLE  19.  -  Linear  array  particle  acceleration  data -Explosive  AD  20A 


Shot  designation, 
charge  weight, 
charge  volume, 
volume^ 

Gage  No. 

Shot-to-gage 

distance 

R 

ft 

Scaled 

distance 

R/V^ 

ft/ft 

Peak 

positive 

accele¬ 

ration 

A 

g** 

Scaled 

positive 

accele¬ 

ration 

AV^ 

g*  8  X  ft 

4-  S16 

A7 

105 

141 

.261 

.194 

W=21.7  lb 

A8 

95 

127 

.263 

.196 

V=.412  cu  ft 

A9 

85 

114 

.297 

,221 

vis  ,745  ft 

AlO 

70 

93.9 

.642 

.478 

All 

60 

80.5 

.938 

.669 

A12 

50 

67.1 

1.14 

.849 

8-  Sll 

A7 

20 

26.8 

11.3 

8.42 

Ws2l.7  lb 

A8 

30 

40.3 

5.56 

4.14 

Vs. 412  cuft 

A9 

40 

53.7 

2.13 

1.59 

V^  »745  ft 

AlO 

55 

73.8 

.929 

.692 

All 

65 

87.2 

.524 

.390 

A12 

75 

101 

.422 

.314 

16-  S7 

A1 

90 

121 

.172 

.128 

Ws21.7  lb 

A2 

80 

107 

.205 

.153 

Vs. 412  cu  ft 

A3 

70 

93.9 

.312 

.232 

V^  .745  ft 

A4 

55 

73.8 

.689 

.513 

A5 

45 

60.4 

1.40 

1.04 

A6 

35 

47.0 

e 

« 

19-  S4 

A1 

5 

6.71 

194  145 

W=21.7  lb 

A2 

15 

20.1 

26.7 

19.9 

Vs. 412  cu  ft 

A3 

25 

33.6 

7.56 

5.63 

V^  .745  ft 

A4 

40 

53.7 

2.37 

1.77 

A5 

50 

67.1 

.698 

.520 

A6 

60 

80.5 

e 

e 

*  No  data 


Negative 

Peak 

Negative 

Acceleration 

Acceleration 

Velocity 

Veloci 

accele> 

positive 

velocity 

rise  time 

fall  time 

rise 

iall 

ration 

velocity 

time 

time 

t 

t 

t 

t. 

A 

V 

V 

r 

f 

r 

£ 

g'» 

in/ sec 

in/ sec 

sec 

sec 

sec 

sec 

-3 

-3 

-3 

,  -3 

a  10 

X  10 

X  10 

X  10 

1.17 

.0560 

.296 

4.711 

2.261 

5.025 

2.387 

1.43 

.0530 

.374 

3.313 

2.313 

3.750 

2.387 

1.91 

.0714 

.479 

3.157 

2.399 

3.472 

2.336 

2.82 

.205 

.643 

3.769 

2.450 

3.957 

2.701 

4.07 

.224 

.983 

2.638 

2.513 

2.952 

2.198 

4.57 

.271 

1.21 

2.638 

2.701 

2.638 

2.638 

19.3 

2.17 

4.62 

.879 

2.513 

1.193 

2.450 

13.3 

1.29 

3.43 

1.068 

2.513 

1.382 

2.513 

6.56 

.600 

1.84 

1.884 

2.513 

2.261 

2.575 

3.13 

.324 

.991 

2.638 

2.701 

3.078 

2.889 

2.10 

.142 

.610 

3.266 

2.638 

3.580 

2.827 

1.44 

.0909 

.374 

3.141 

2.701 

3.643 

2.638 

1.23 

.0541 

.295 

4.083 

2.827 

3.392 

2.952 

1.20 

.0797 

.260 

2.953 

3.015 

3.141 

3.015 

1.99 

.0850 

.457 

3.141 

2.952 

3.141 

3.015 

3.14 

.192 

.752 

3.015 

2.387 

3.015 

2.513 

5.08 

.334 

1.18 

2.513 

2.198 

2.701 

2.324 

« 

a 

a 

a 

a 

a 

a 

101 

39.5 

a 

1.094 

.781 

1.382 

.691 

25.1 

3.17 

5.18 

.500 

2.188 

1.000 

2.188 

U7 

1.43 

3.03 

1.250 

2.250 

1.563 

2.313 

6.35 

.541 

1.67 

2.500 

2.500 

2.625 

2.750 

3.63 

.190 

1.04 

2.688 

2.500 

2.688 

2.938 

a 

a 

a 

a 

a 

a 

a 

*  No  data 


I 
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TAB1j£  20.-  LaneaT  array  particle  acceleration  data -Explosive  AD-P 


9iot  designation, 
charge  weight, 
charge  volume, 
volume^ 

Gage  No. 

Shot-to-gage 

distance 

R 

ft 

Scaled 

distance 

R/V^ 

ft/ft 

Peak 

positive 

accele¬ 

ration 

A 

g’  * 

Scaled 

positive 

accele¬ 

ration 

A 

g*  S  X  ft 

6-  S15 

A7 

90 

121 

.258 

.192 

Wsl9.6  lb 

A8 

80 

107 

.409 

.305 

Vs.4l2  cuft 

A9 

70 

93.9 

.543 

.405 

vi=  .745  ft 

AlO 

55 

73.8 

.906 

.675 

All 

45 

60.4 

1.84 

1.37 

A12 

35 

47.0 

3.16 

2.35 

10-  S12 

A7 

5 

6.71 

153  114 

Ws19.6  lb 

A8 

15 

20.1 

10.2 

7.60 

V=.4U  cuft 

A9 

25 

33.6 

5.86 

4.37 

vi:  .745  ft 

AlO 

40 

53.7 

a 

a 

All 

50 

67.1 

.570 

.425 

A12 

60 

80.5 

a 

a 

14-  S8 

A1 

105 

141 

.0928 

.0691 

W=19.6  lb 

A2 

95 

127 

.121 

.0901 

Vj.412  cuft 

A3 

85 

114 

.158 

.118 

.745  ft 

A4 

70 

93.9 

.386 

.228 

A5 

60 

80.5 

.603 

.449 

A6 

50 

67.1 

a 

a 

18-  S3 

A1 

20 

26.8 

12.1 

9.01 

W=19,6  lb 

A2 

30 

40.3 

5.37 

4. 00 

V5.4I2  cuft 

A3 

40 

53.7 

2.34 

1.74 

.745  ft 

A4 

55 

73.8 

1.08 

.805 

A5 

65 

87.2 

.466 

.347 

A6 

75 

101 

a 

a 

♦  No  data 
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TABIjE  20.  -  Ldneav  arra^ 


irticle  acceleration  data-Explosive  AD- 


Negative 

Peak 

Negative 

Acceleration 

Acceleration 

Velocity 

Velocity 

accele- 

positive 

velocity 

rise  time 

iall  tune 

rise 

iall 

ration 

velocity 

time 

time 

t 

t 

t 

t. 

A 

V 

V 

r 

f 

r 

i 

g'» 

in/ sec 

in/ sec 

sec 

sec 

sec 

sec 

X  10~^ 

X  lO"^ 

X  10"^ 

X  lO'^ 

1.55 

.0552 

,455 

4.063 

2.500 

4.063 

2,750 

1.87 

.0929 

,502 

3,750 

2,188 

3,688 

2,500 

2.51 

.105 

,681 

3.625 

2.250 

3,688 

2,500 

3.86 

,199 

1,  13 

2,813 

2,500 

3,125 

2,500 

5.53 

.511 

1,40 

2.438 

2.250 

2,625 

2.500 

9.30 

.761 

2.33 

1.840 

2,221 

2,010 

2,387 

69 

38,2 

38.2 

1,319 

1,696 

1,633 

1,822 

30.7 

3,00 

7.67 

,503 

1,884 

1,256 

2,010 

14.5 

1,21 

3,88 

1,256 

2,261 

1,319 

2,450 

5.15 

* 

» 

a 

a 

a 

a 

4.63 

,144 

1,20 

^375 

2,313 

2,938 

2,^8 

5,65 

e 

1,53 

a 

a 

a 

a 

1.04 

,0152 

,262 

3.769 

2,889 

4,397 

2,450 

1,11 

,0395 

,276 

3,141 

2.952 

3,140 

3,015 

1.66 

,0450 

,415 

3,141 

2,764 

3, 140 

3,015 

2.26 

,0903 

,591 

3.141 

2,513 

3,141 

2,827 

2.58 

,173 

,637 

2,107 

2,324 

3,141 

2,450 

* 

a 

a 

a 

a 

a 

a 

20.6  2,51  4.41  ,884  2,273  1,452  2,336 

11.1  1,11  2,74  1,578  2,146  1,578  2,336 

6.67  .  570  1,68  1,957  2,020  2,083  2,525 

3,36  ,285  ,889  3,141  2,136  3,141  3,078 

2,08  ,159  ,  530  3,346  2,588  3,409  2,W 

♦  •  ♦  ■*  * 


4  No  data 
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TAJB'liiE  21„  -  .lanwa:  mT.T.my  paTtacie  <*c-:cgleymltiic»n  tdm.la-Hjqa'1'oaivie  SG  45 


Shot  fde:«a;gaEiaitii(ozi« 
(c&vt^e  wieiiiiJhlta 
(dfaavgie  iro'ionne, 
■vdkaaem^ 

Gaifc  INo. 

Shot-^ito^l/^ge 

•S&oltuace 

A 

ft 

Scaled 

distance 

R;/V^ 

St/lt 

Peak 

pomtave 

accele'* 

TaSion 

A 

Sc.a3ed 

positive 

.acet^e- 

satioti 

AV^ 
jgf  *  X  A 

2-  m 

A7 

SS 

b7,l 

1,58 

1.48 

Ws2'9.2  m> 

AS 

bs 

S®,5 

1,15 

,857 

V««412  <on  St 

A9 

7® 

53,5 

,b07 

.452 

,74S*t 

AIS 

SS 

114 

,383 

.285 

All 

fS 

127 

,375 

.282 

A12 

105 

141 

,242 

,180 

7-  S14 

A7 

7S 

101 

.385 

,287 

m 

AS 

bS 

87,2 

,435 

,327 

'V««412  cm  St 

Af 

55 

73,S 

.7b3 

.5b8 

V^,745ft 

AIS 

4® 

53,7 

2.25 

l.bS 

All 

3® 

40,3 

5,b2 

4,15 

AU 

20 

2b,8 

14.b 

10,5 

A1 

35 

47,0 

4.18 

3,11 

w«29,2  31b 

A2 

45 

b0,4 

2,10 

1,5b 

T^,412«cmSt 

A3 

55 

73,S 

1.50 

1,12 

,745  St 

A4 

70 

53,5 

,710 

,525 

AS 

SO 

107 

.44b 

.332 

AS 

50 

121 

♦ 

2(D-S5 

A1 

bo 

80,5 

,4b0 

,343 

W=29,2  3b 

A2 

50 

b7,i 

,527 

,353 

'V-'s,432  tea  St 

A3 

40 

53,7 

1,55 

1, 18 

,745  St 

A4 

25 

33,b 

b,55 

4,88 

AS 

15 

20,1 

24,5 

18,3 

AS 

5 

b,7i 

4 

#  ]No 
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TABlaE  21.  -  LaneaT  array  particle  acceleration  data-^Eayloaive  SG  45 


Negative 

Peak 

Negative 

Acceleration 

Acceleration 

Velocity 

Velocity 

accele- 

positive 

velocity 

rise  time 

fall  time 

rise 

laU 

ntiaii 

velocity 

time 

time 

t 

t 

t 

A 

V 

V 

r 

f 

r 

£ 

in/ sec 

inysec 

sec 

sec 

sec 

sec 

.  -3 

,  -3 

-3 

,  -3 

a  10 

a  10 

a  10 

a  10 

4.96 

.488 

1.42 

2.778 

2.904 

2.841 

2.841 

3.29 

,335 

.740 

2.500 

2.688 

2.375 

2.841 

2.23 

.121 

,727 

3.266 

2,764 

3.266 

3.266 

1.80 

.110 

.509 

4.040 

3.030 

4.040 

3.535 

1.78 

.0875 

.525 

4.648 

3.015 

4.648 

3.015 

1.38 

.0978 

.349 

4.585 

2.764 

4.585 

3.015 

2.62 

.728 

3,329 

2.952 

3.329 

3.015 

3.51 

.167 

.925 

3.438 

2.688 

3.750 

2.625 

4.88 

.210 

1,36 

2.827 

2.764 

3.204 

2.764 

8.34 

.64b 

2.16 

2.500 

2.625 

2.688 

2.875 

14.1 

1.16 

3,92 

1,375 

2.438 

1.438 

2.563 

21.2 

2^41 

5,47 

.879 

2.S13 

1.068 

2.701 

11.1 

.947 

2.81 

1.822 

2.575 

1.947 

2.952 

6.01 

,490 

1,52 

2.073 

2.638 

2.324 

2.952 

4.43 

.372 

1,17 

2.513 

2.575 

2.638 

2.952 

2,53 

.179 

,7U 

3.141 

2.701 

3.266 

3.141 

1.68 

.138 

.459 

3.141 

3.141 

3.266 

3.141 

« 

a 

a 

a 

a 

2,99 

.154 

,731 

2.513 

3.015 

2.764 

3.455 

3.90 

.161 

,994 

2,375 

3.250 

1,938 

3,313 

6.08 

,444 

1.54 

2.387 

2.764 

2.638 

2.575 

U.6 

1,38 

3.21 

1.445 

2.450 

1.759 

2.450 

26.8 

3.45 

5,95 

,750 

2.438 

1.U5 

2.625 

# 

a 

a 

a 

a 

«I«o4a«a 


SCALED  ACCELERATION.  AV*.  g<  •  x  ft 
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300 


Fig;.  25  ~  Scaled  Accelexation  vs.  Scaled  Distance  for  Fiqplosive  AD  10 


1 

I 


SCALED  DISTANCE-R/V^,  ft/ft 

Fig. 28  -  Sc&led  Acceleration  vs.  Scaled  Distance  for  Explosive  SG  45 


SCALED  NEGATIVE  ACCELERATION-A  V^,  g*  ■  x  ft 
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4  ^  8  10  20  40  SO  80  100  200  300 

SCALED  DISTANCE-R/V^,  lt/£t 
Fig.  29  -  Scal«d  Negative  Acceleration  v«.  Scaled  Distance  for 
Explosive  AD  10 


SCALED  NEGATIVE  ACCELERATION. A  V”  g*  •  x  ft 
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Fig.  31-  Scaled  Negative  Acceleration  va.  Scaled  Diatance  for 
Exploaive  AO.P 


SCALED  NEGATIVE  ACCELERATION- A  g'  ■  x  ft 


Fig.  32-  Scaled  Negative  Acceleration  ve.  Scaled  Distance  for 
Explosive  SG  45 
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TABLE  22.  >  Particle  motion  propagation  law  con«t>nf  and  standard 
deviations . 


Explosive  Scaled  positive  Scaled  negative  Rise  time  Fall  time 

acceleration  acceleration 

It  2/ 


K 

K 

Se 

K 

K 

®£ 

g*  S  X  ft 

X  10^ 

% 

g*  S  X  ft 

X  10^ 

% 

sec 

X  10"^ 

% 

sec 

X  10"^ 

% 

AD  10 

1.99 

40.5 

.321 

21.9 

.0811 

14.6 

2.03 

8.4 

AD  20A 

1.87 

39.7 

.324 

21.7 

.0860 

14.8 

2.13 

8.2 

AD-P 

1.83 

40.1 

.354 

21.5 

.0868 

15.0 

2.01 

8.1 

SG  45 

2.22 

39.9 

.394 

21.8 

.0887 

14.9 

2.34 

8.1 

Slope*  n 

-2.39 

-1.67 

.86 

0.11 

S 

n 

+.  19 

+.03 

+.04 

+.02 

Explosive 

Positive  velocity 

Negative  velocity  Rise  time 

K  Se 

Fall  time 

®E 

in/sec 

X  10  ^ 

% 

in/sec 

X  10  ^ 

% 

sec 

X  lO"^ 

% 

sec 

X  10 

% 

AD  10 

2.62 

39.9 

1.03 

23.5 

.146 

14.3 

2.16 

9.6 

AD  20A 

2.71 

39.8 

1.04 

23.4 

.156 

14.1 

2.15 

9.3 

AD-P 

2.62 

39.6 

1.14 

23.0 

.155 

14.1 

2.18 

9.5 

SG  45 

3.22 

39.8 

1.29 

22.6 

.154 

14.2 

2.47 

9.4 

Slope,  n 

S 

n 

-2.18 

+.06 

-1.65 

+.04 

0,74 
+.  04 

0.11 

+.02 

1/  K  «  intercept  at  R/V^  1.0.  2/  S^a  The  standard  deviation  about  the  mem  . 
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Particle  Velocity 

The  particle  velocity  data  were  obtained  by  electronically  integrating  the 
acceleration  records.  A  study  of  the  acceleration  records  and  the  velo¬ 
city  indicates  that  the  integration  process  was  reliable.  Furthermore, 
over  most  of  the  propagation  distances  in  the  test  series,  the  shape  of 
particle  velocity  and  strain  pulses  should  be  identical  if  the  direct,  radial 
portion  of  each  pulse  is  considered.  Comparison  of  the  pulses  verified 
that  the  early  portions  were  of  the  same  shape.  However,  little  corre¬ 
lation  was  expected  or  evidenced  beyond  the  calculated  time  of  arrival  of 
surface  reflected  waves. 


Peak  positive  velocity,  negative  velocity,  and  the  associated  rise  and 
fall  times  as  obtained  from  the  integrated  records  are  given  in  tables 
18  to  21.  Again,  positive  defines  radial  outward  particle  motion  and 
negative  defines  radial  inward  particle  motion.  Positive  and  negative 
particle  velocity  have  both  been  plotted  as  a  function  of  scaled  distance 
for  each  explosive.  The  plots  on  log-log  coordinates  are  shown  in 
figures  33  to  40.  Particle  velocity  data  have  been  fitted  to  the  following 
equation: 

V  =  K  (R/V^  "  (5) 

where 


V  =  particle  velocity. 


The  values  of  n  and  K  and  the  standard  deviations  are  given  in  table  22, 

Period  Data 


Rise  and  fall  times  were  read  from  all  records.  These  times  for  strain 
data  are  given  in  tables  9  to  12  and  for  acceleration  and  particle  velocity 
in  tables  18  to  21.  The  period  data  were  scaled  and  plotted  versus  scaled 
distance  on  log-log  coordinates  as  shown  in  figures  41  to  64.  Rise  and  fall 
times  were  treated  separately  for  each  type  of  particle  motion  and  for  each 
explosive.  The  scaled  data  are  represented  by  the  following  equation: 

t/V^  =  K  (R/V^ )”  (6) 

t  =  time,  either  rise  time,  t  ,  or 
fall  time,  t^. 


where 


SCALED  DISTANCE-R/V^,  ft/ft 

Fig*  33  -  Particle  Velocity  ve.  Seeled  Distance  for  E]q>lo8ive  AD  10 


4  6  8  10 


20 


40 


200  300 


60  80  100 

SCALED  DISTANCE-R/V^,  ft/ft 
Fig.  34-  Particle  Velocity  ve.  Scaled  Distance  for  Explosive  AD  20A 


PARTICLE  VELOCITY-V,  in/»ec 


40 


Fig. 35  -  Particle  Velocity  ve.  Scaled  Distance  for  Explosive  AD-P 


PARTICLE  VELOCITY-V,  in/sec 


Fig. 36  •  Particle  Velocity  vs.  Scaled  Distance  for  Explosive  SG  45 


NEGATIVE  VELOCITY. V.  iachec/tecoad 
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Fig.  37.  Negative  Velocity  va.  Seeled  Distance  for  Exfdosive  AD  10 


I  6  8  10  20  40  60  80  100  200 

SCALED  DISTANCE-  R/V^,  ft/ft 
Negative  Velocity  vs.  Scaled  Distance  for  Explosive  AD  20-A 


FIc.  40  •  Negative  Velocity  va.  Scaled  Oiataace  lor  Ei^loaive  SG  45 
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SCALED  DISTANCE-R/V*,  ft/ft  SCALED  DISTANCE-R/V*  ft/ft 

Scaled  Riee  Time  ve.  Scaled  Diatance  for  Fig  .58  -  Scaled  Rise  Time  vs.  Scaled  Distance  for 

Particle  Velocity  Data-Explosive  AD  10  Particle  Velocity  Data-Explosive  AD  20A 
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TThe  values  xif  K  and  n  i for  acGdleTation  and  vdloaHy  data. aTei^ivenim 
table  22 ,  and  £ot  s  tTain  data  in  i  tab  Le  '  13 . 

Several  facte  abouti the ;period< data  sets  tiiff  apart) from  other  rojitlea,,  ox 
at  lea  St  from  ^granite  ( ( NiChOlls  and  i  HoOker «  '  VftiZi ) .  i  In  1  tuf  £  (the  >  de  toiaation 
)  time  o  £  the  escplo  a  ive  wa  e  only  a  small  i  £raC  tion  ■  Of '  the  ir  ise  i  time .  iHise 
time  was  strongly  dependent  on  travel  distance,  increa-aing  witbiin- 
>  creased  travel  distance .  iPalli  times  were  very ' nearly i independent' 
travel  distance.  Fora  aymmetricalipulse,  riseitime  ;dhodldlbe'ene- 
I  baif  the  fall  i  time .  The  asymmetrical  ipdlse  i  ini  tuff  yie  Ided  ir is*  Ltim*:s 
Hess  than  fall  i  times  I  for  sxa.led‘ distances  lies  si  than  to. gO  lit/ /ft.  EFor 

scaled  di  Stance  s  greater  i  than  t5.0  i  to  gX)  iff  /ft ,  .r  ise  1  times .  were  ^greater 
I  than -fall  I  time  a.  The  tmost  (power  bilesqilos  ive,  )geneTdlly).yidlddd 

I  longer  trise  and 'fall  ttimea  i  thani  the.  Other  e^qilosiveisi  did. 

<  Crushed  !Zone  'IMeasuremehts 

llnithe  granite  report,  itwa-s  ahovmi  thati  the  Size  oft  the.  xMLvityocriHeataddtl^y 
an  explosion  ill  roclc  was  dire.tttly  .Tdlateditollhe  amouht  Of  iStrainigen- 
.  erated .  Similar  mea  sur emehts  were .  conducted  dni  tuff .  :^f ter  .laneesqilo- 
ston  in  a  shOthOle,  >a  si|p|ily  Of.iconjpTessed  air  wasidireCteduTltotthe 
Ihole.  Material  vdiiChihadlbeen. crushed  wasiejcCtedlfToml'theJhdl*.  The 
sixe  and  Shape  of  the  xDavity  wa^si  thentmeasuretilby  addirglknowniincre- 
mehts  of  siand  and  measuringithelhuildupiiniUvelhOle.  SShOlhOleis ‘H93and lb4 
coUld  no  1 1  be .  mea  s  ured  I  be  caus  e  i  the  sand  S  temniing  i  in  t  the  1  hd  le  1  had  inom- 
pacted  so  tightly  during.  dCtonationi  that  ir*-^ert try' was  iinipxxftslble.  .IftnOther 
iproblem  in  cleaning  i  the  1  hOles  ■  was  i  that'  Of  ipossslb  le  >  erilargemerttodiftthe 
cavity.  An  over  swip^ly  Of.  cxBmpTe.8sed  air.or  wo-fkingilhe  airfaossettoo 
vigorously  ini  tite cavity,  was  sUf£ici*htrtolhreik-4pp  and.ejedtiuhbTdhen 
or  uncTuShedituff.  The  vOUime-Ofilhe.xrTuihed-xonelhaslheenteaypxeaaed 
a;S  a  ratio  0£i  th*. original. Charge'vdtumeiinttiible.223 .  The  iratiowarMii 
Lirom  2X) .  1 1 1  to  .35 .  '3  vwthich  repxe  sects  cavity '.vOlume* .  Of .g  .33aankl  1U4  ontbtc 
'-feet  created  by*  Charges  with  a wOUime.  Of  00  ;44hcUbic  LfeCt . 

The  crushed  zone  Tiopresehts  a.32  JX)  ifoOt'  diameter  -  cavity  iijptto  55  /OffeCtiin 
height  as  compareditoithe. original. ■Charg*.t-h01e<dimeissionssi0£00.551£»0tiin 

diameter  and ^ .  5 1 long .  TheimoStipowerfUl.eoqiloisivc,  iSG  4;5 ,  Ibasst  Hte 
largest  average  value  Of  cruShed  zone  .vO luxwd /Charge  .vdUimie  iratioaas  e«t- 
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The  maximum  calculated  tensile  stress  was  34  psi  based  on  a  value  of 
Young' s  modulus  of  0.6  x  10^  psi.  The  theoretical  permissible  tensile 
stress  and  the  observed  maximum  tensile  stress  are  in  agreement  and 
indicate  that  the  outer  limit  of  Zone  IIIA,  for  the  test  series,  about  30 
feet  from  the  center  of  the  explosive  charge. 

In  the  discussion  of  Zone  lUB,.  Chabai  points  out  that  in  this  region,  the 
"shock  propagation  velocity,  U,  decreases  as  pressure  increases.  This 
results  in  the  well  known  '  elastic  precursor*  ".  A  change  in  the  pulse 
shape,  particularly  in  the  rise  time  portion  of  the  pulse,  could  be  ex¬ 
pected  tinder  these  conditions.  The  scaled  rise  time  versus  scaled  dis¬ 
tance  plots  from  strain  data  (figures  41  to  44)  show  a  marked  change  at 
a  scaled  distance  of  25  it /it  or  a  distance  of  18.6  feet.  A  minimum 
value  of  rise  time,  ty,  occurs  at  this  point  with  larger  values  of  rise 
time  occurring  at  both  smaller  and  larger  distances.  This  indication 
is  proposed  as  the  boundary  between  Zones  UlA  and  UIB  as  shown  in 
figure  66. 


A  third  limit  or  boundary  can  be  implied  from  the  tensile  strain  data. 
This  limit  is  between  the  crushed  Zone  IV  and  crack  Zone  lUB.  If  the 
material  being  crushed  is  assumed  to  be  permanently  deforming  in  com¬ 
pression,  no  tensile  strain  would  be  expected  to  exist.  An  examination 
of  the  tensile  strain  versus  scaled  distance  plots  (figures  17  to  20)  shows 
that  tensile  strain  becomes  zero  at  a  distance  somewhere  between  5  and 
15  feet  from  the  charge.  Additionally,  period  data  may  be  used  to  esti¬ 
mate  the  limit  of  crushing.  Assuming  that  the  period  of  the  pulse  is 
controlled  by  the  size  of  the  cavity  created,  the  following  equation  would 
be  expected  to  hold:  (Duvall,  Atchison,  1950). 


where 


2  C  t. 


a  = 


(8) 


a  =  radius  of  cavity,  limit  of  crushing, 
C  =  longitudinal  propagation  velocity. 


and 


t^  =  fall  time  of  strain  pulse. 


I 
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The  calculated  cavity  radius  was  about  10  feet  which  compares  favorably 
with  the  estimated  limit  of  crushing  from  sero  tensile  strain. 

The  estimated  stresses  as  calculated  from  strain  values  and  a  Young*  s 
modulus  of  6  X  10^  psi  were: 

a  at  Zone  II,  lllA  boundary  s  34  psi 

a  at  Zone  IIIA,  niB  boundary  =  50  psi 

a  at  Zone  IBB,  IV  boundary  =  150  psi 

The  average  static  compressive  strength  of  four  2-1/2  inch  long, 

2-1/8  inch  diameter  tuff  cores  was  840  -f  155  psi,  quite  different  from 
the  150  psi  calculated  at  the  limit  of  crushing.  However,  the  value  of 
Young*  s  modulus  is  undoubtedly  incorrect  when  measured  in  the  acoustic 
Bone  and  applied  in  the  crushed  zone. 

Plots  of  scaled  rise  time  versus  scaled  distance  for  acceleration  and 
particle  velocity  data  show  the  same  minimum  and  change  of  slope  that 
the  plots  from  strain  data  do.  However,  the  acceleration  and  particle 
velocity  data  do  not  show  the  maximum  negative  phase  that  tensile  strain 
does.  Nor  do  they  show  a  negative  phase  approaching  zero  as  tensile 
strain  does.  This  is  because  of  the  nature  of  particle  motion,  motion 
and  gage  must  both  come  to  rest. 

The  slopes  for  the  positive  phase  of  strain,  acceleration,  and  particle 
velocity  are  respectively  -2.03,  -2.39,  and  -2.18.  Radial  strain  and 
particle  velocity  should  attenuate  the  same  and  there  is  no  significant 
difference  in  the  data.  Based  upon  Ricker*  s  theory  (1940),  the  slopes 
should  be  -(1  +  3b),  -(1  +  4b)  and  -(1  +  3b),  respectively.  Numerically, 
the  slopes  would  then  be  -2.03,  -2.37,  and  -2.03,  assuming  that 
1  +  3b  =  2.03.  The  observed  slopes  are  not  significantly  different  than 
those  predicted  by  Ricker.  The  presence  of  reflected  waves  undoubtedly 
has  some  effect  on  the  slopes  because  the  positive  phase  is  subject  to 
interference  from  reflections  at  scaled  distances  greater  than  about 
60  ft/ft. 

The  slopes  for  the  negative  phase  of  strain,  acceleration,  and  particle 
velocity  are  - 1.83,  -1.67,  and  -1.65,  respectively.  This  relationship 
indicates  that  reflected  waves  do  have  a  greater  influence  on  velocity 
and  acceleration  amplitudes  than  on  strain  amplitudes. 
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The  slope  of  the  strain  energy  propagation  law  should  be  twice  the  slope  of 
the  strain  propagation  law  if  there  is  no  broadening  of  the  pulse  with  dis¬ 
tance.  The  fact  that  the  strain  energy  slope  of  -2.98  is  much  less  than 
twice  the  strain  slope  of  -2.03.  indicates  that  there  has  been  considerable 
absorption  and  broadening  of  the  pulse  as  it  traveled  outward.  Table  25 
provides  a  comparison  of  strain  and  strain  energy  slopes  and  the  absorp¬ 
tion  and  broadening  of  the  pulse  in  tuff,  granite  and  salt. 


TABL£  25.  -  Comparison  of  absorption-  tuff,  salt  and  granite 


Rock 

Strain  slope 

N 

c 

Energy  slope 

''e 

2x  strain  slope 

2  N 

c 

Relative 

absorption 

2N  -N,^/2N 
c  £  c 

Tuff 

-2.03 

-2.98 

-4.06 

.266 

Granite 

-1.80 

-3.24 

-3.60 

.100 

Salt 

-1.25 

-2.34 

-2.50 

.064 

The  column  headed  2N^  is  the  energy  slope  which  theoretically  would  exist 
in  the  absence  of  broadening  and  absorption.  The  column  headed  ZN^-Njg./ZN^ 
provides  a  comparison  of  the  relative  broadening  and  absorption  in  the  three 
rock  types  which  is  obviously  greatest  in  tuff  and  least  in  salt. 


Although  strain  and  particle  velocity  pulses  have  similar  shapes  as  expected, 
and  the  decay  exponent  is  not  significantly  different  for  their  respective 
propagation  laws,  their  relative  amplitudes  do  not  agree  with  theory.  At 
relatively  large  distances,  several  charge  radii,  strain  and  particle  velo¬ 
city  are  related: 


where 


and 


v 

«  «  strain, 

V  =  particle  velocity, 

C  =  longitudinal  propagation  velocity. 


(9) 
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Table  26  provides  a  comparison  of  observed  compressive  strain  values 
versus  compressive  strain  calculated  from  observed  particle  velocity 
and  C  s  6080  ft/sec.  Values  are  from  explosive  SG  45. 

TABLE  26.  -  Strain  and  particle  velocity 


Scaled 

distance 

Observed  particle 
velocity 

Calculated 

strain 

Observed 

strain 

in/ sec 

U in/in 

|i  in/in 

10 

20 

274 

680 

40 

1 

14 

40 

100 

.135 

1.9 

6.2 

Strain  and  particle  velocity  amplitudes  differ  by  about  a  factor  of  three. 

If  the  propagation  velocity  were  2000  ft/sec,  fair  agreement  would  exist. 
However,  this  appears  completely  unrealistic.  A  more  realistic  approach 
•uggests  that  strain  amplitudes  are  not  absolute  because  they  are  dependent 
upon  the  grout  and  the  core  on  which  they  are  mounted  and  could  not  there¬ 
fore  be  considered  as  absolute  values.  If  the  Young*  s  modulus  of  the  core¬ 
grout  inclusion  is  less  than  for  the  surrounding  medixtm,  the  strain  ob¬ 
served  by  the  gage  would  be  greater  than  the  strain  transmitted  in  the 
medium.  Particle  velocity  amplitudes  are  considered  to  be  more  abso¬ 
lute  than  strain  amplitudes. 


Energy  Transfer 

The  total  radial  strain  energy.  H.  at  any  distance  may  be  calculated  from 
the  scaled  radial  strain  energy  per  unit  area: 

H  =  [E  /V^  4  nlR/V^^  (10) 

where 

H  «  toUl  radial  strain  energy, 

E  /V^  radial  strain  energy  radiating  outward  per 
*  unit  area, 

4  tt  (R/V^)*  =  surface  area  of  a  sphere  with  scaled 
radius  of  R/V\ 


*T 


* 
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The  total  energy  of  an  explosive  may  be  estimated  from  N11T/(y  -  where 
N  is  the  moles  of  gaseous  products  of  detonation  per  unit  volume  of  explo¬ 
sive;  R,  the  gas  constant;  T,  the  detonation  temperature;  and  y  is  the 
ratio  of  the  specific  heats.  The  percentage  of  the  calculated  ejq>losive 
energy  transferred  to  the  rock  as  strain  energy  can  then  be  expressed  as 
the  ratio  of  H  to  NRT/(y  -  1)  times  100%. 

Table  27  gives  the  values  of  total  radial  strain  energy  and  relative  energy 
transferred  to  the  rock  for  the  four  explosives  used.  The  data  are  dif¬ 
ferent  in  two  respects  than  those  reported  from  granite.  First,  the  rela¬ 
tive  energy  transferred  in  tuff  was  about  1.5%  and  ranged  from  12  to  32% 
in  granite.  However,  the  percentages  for  granite  were  probably  too  large 
because  of  an  apparent  decrease  in  the  slope  of  strain  and  strain  energy 
propagation  laws  at  small  scaled  distances  which  was  not  considered. 
Second,  a  threefold  change  in  the  percentages  of  relative  strain  energy 
transferred  was  observed  in  granite  for  six  explosives  covering  a  char¬ 
acteristic  impedance  ratio  range  from  0.  16  to  0.52.  Only  about  a  10% 
change  was  observed  in  tuff  for  the  four  explosives  with  characteristic 
imjpedance  ratios  ranging  from  0.76  to  1.92.  It  had  been  shown  previously 
in  the  granite  report  and  from  salt  (Nicholls  and  Duvall,  1962),  that  ex¬ 
plosives  having  characteristic  impedances  which  closely  matched  the  im¬ 
pedance  of  the  rock,  impedance  ratio  approaching  1.0,  transfer  a  greater 
percentage  of  the  available  energy  to  the  rock.  The  amount  of  energy 
transferred  decreases  rapidly  as  the  value  of  the  characteristic  impedance 
ratio  decreases  from  0.7  to  0.0.  For  the  characteristic  impedance  ratios 
in  tuff,  only  a  5%  change  in  the  values  of  the  percentage  of  relative  strain 
energy  transferred  is  predicted  from  acoustic  theory. 

Characteristic  Impedance  and  Particle  Motion 

For  tuff  the  plot  of  peak  strain  intercept  versus  detonation  pressure  for 
each  of  the  explosives  was  a  curved  line,  as  in  granite,  indicating  Oiat  the 
detonation  pressures  were  not  directly  proportional  to  the  stress  trans¬ 
ferred  to  the  medium  (figure  67).  Thus,  elastic  theory  was  inadequate 
in  tuff,  as  it  was  in  granite,  to  reconcile  the  results.  The  transfer  of 
pressure  across  a  planb  boundary  due  to  a  plane  elastic  wave  striking  at 
normal  incidence  is: 
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TABUB  27.  -  Energy  tran«fer 


Explosive 

Total  energy 

h1> 

Relative  strain  energy 
transferred  to  the  rock 

NRT/(y  -  1)  * 

ft-lb/ft  xlO 

percent 

AO  10 

1.04 

1.48 

AO  20A 

1.20 

1.48 

AO-P 

1.15 

1.56 

SG  45 

2.01 

1.62 

1/  H  =  (E 
—  a 

/V^l  4  TT  (R/V^)^  where  R/V^  = 

1.0. 

where 


and 


**  2 
“p"'  1  +  z 

P  s  pressure  in  the  medium, 
m 

P  =  detonation  pressure. 


(11) 


Z  =  (pC)  /(pC)  =  ratio  of  characteristic 
impedances. 


p  =  density  of  e]q>losive  or  rock, 

C  =  detonation  or  propagation  velocity  of 
explosive  or  rock, 

(p  C)^  =  character  Stic  impedance  of  explosive, 
(p  C)^=  characteristic  impedance  of  rock. 


Assuming  that  stress  in  the  medium  is  directly  proportional  to  strain  in  the 
medium,  equation  (11)  can  be  rewritten: 


PEAK  STRAIN  INTERCEPT-K.  \x  in/in  x  10 
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0  0.2  0.4  0.6  0,8  l.O  1.2 

PRESSURE- P,  Ibs/in^  x  10^ 

Fig.  67  -  Peak  Strain  va.  Detonation  Pressure'  and  Medium  Stress. 
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where 

and 


K/P  =  A  (  )  (12) 

K  s  peak  atrain  intercept, 

A  =  proportionality  conatant. 


Figure  68  ia  a  log-log  plot  of  the  valuea  of  K/P  veraua  Z  for  the  data  from 
four  exploaivea  in  ttiff.  The  daahed  line  repreaenta  equation  (12)  and  ob- 
vioualy  doea  not  fit  the  data.  The  aolid  line  ia  the  atatiatically  determined 
atraight  line  fitted  to  the  data: 

K/P  =  15.7  X  10"^  (13) 


The  value  of  the  constant  A  in  equation  (12)  was  choaen  to  be  the  aame  aa 
the  atatiatically  determined  constant  at  Z  =  1.0.  It  appears  that  shock 
wave  transmission  across  the  explosive -tuff  boundary  has  occurred  and 
elastic  theory  is  Inadequate  to  describe  the  observed  data.  If  the  pressure 
enhancement,  P^/P,  is  considered,  equation  (13)  conveniently  reduces  to: 

P  /P  =  Z"^*^^  (14) 

m 

The  stress  in  the  medium  may  then  be  calculated  and  plotted  versus  the 
peak  strain  intercept  for  each  explosive  resulting  in  a  straight  line  as  ex¬ 
pected  and  as  shown  in  figure  67. 


The  results  from  four  explosives  in  tuff  are  not  drastically  different  than 
those  reported  from  granite  and  salt  (Nicholls  and  Hooker,  1962).  The 
same  analysis  was  made  for  values  of  K/P  versus  Z  for  four  explosives 
in  salt  and  six  explosives  in  granite.  The  calculated  values  of  P^/P  and 
Z  for  all  three  rock  types  are  given  in  table  28  and  plotted  in  figure  69. 
These  are  derived  values,  obtained  from  K/P  versus  Z  curves  for  each 
rock  type.  All  curves  are  of  the  type: 


P 

m 

and  must  therefore  intersect  at 


/P  »  Z 
Z  =  1.0. 


(15) 
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RATIO  OF  CHARACTERISTIC  IMPEDANCE-  Z 


Fig.  68-  Peak  Strain /Detonation  Pressure  vs.  Ratio  of  Impedances 


.15  .2  .3  .4  .6  .8  1  1.5  2 


RATIO  OF  CHARACTERISTIC  IMPEDANCES-  Z 
Fig.  69  -  Peak  Strain /Detonation  Pressure  vs.  Ratio  of  Characteristic 
Impedances  for  Tuff.  Granite  and  Salt. 
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TABLE  28,-  Preaeure  enhancement-  tuff,  granite  and  salt 


Explosive 

and 

rock  type 

Medium  stress 

P  ,  Ib/in^  X  10^ 
m 

Detonation  pressure 
P,  Ib/in^x  10^ 

P  /P 
m 

Z 

Tuff 

AD  10 

.288 

.20 

1.44 

.76 

AO  20A 

.403 

.32 

1.26 

.84 

AD-P 

.445 

.32 

1.39 

.78 

SG  45 

.473 

1.11 

.426 

1.92 

Granite 

AD-P 

1.06 

.36 

2.94 

.17 

AD  20 

1.26 

.50 

2.52 

.22 

SG  30 

1.48 

.69 

2.14 

.28 

Comp.  B 

1.91 

.97 

1.97 

.32 

SG  60 

1.95 

1.24 

1.57 

.47 

HVG  80 

2.43 

1.65 

1.47 

.52 

Salt 

AD-P 

.663 

.23 

2.74 

.21 

TNT 

1,21 

.75 

1.61 

.48 

SG  45 

1.24 

.83 

1.49 

.54 

HVG  60 

1.73 

1.65 

1.05 

.92 

The  results  from  salt  and  granite  are  very  similar.  The  results  from  tuff 
are  different  because  of  the  larger  value  of  n.  For  all  three  sets  of  data, 
the  effect  of  characteristic  impedance  appears  to  be  greater  than  the  effect 
predicted  by  acoustic  theory. 

The  difference  between  the  value  of  n  for  tuff  and  n  from  salt  and  granite 
may  have  been  due  to  two  causes.  Shock-wave  propagation  would  be  much 
more  prevalent  in  tuff.  Some  evidence  of  a  propagation  velocity  increase 
was  noticed  with  an  increase  in  stress  level  although  not  definite  enough 
for  a  detailed  analysis.  The  presence  of  shock  waves  indicates  that  the 
shock  wave  velocity  should  be  used  in  the  characteristic  impedance  ratio. 
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However,  the  shock  wave  velocity  is  not  sufficiently  well  known  to  justify 
its  use.  An  additional  contributing  factor  may  have  been  the  measured 
detonation  velocities  for  the  explosives  used  in  tuff.  The  values  given  in 
table  8  from  which  the  detonation  pressure  and  characteristic  impedance 
values  were  calculated,  are  based  upon  one  detonation  rate  measurement 
for  each  explosive.  Electrical  "noised*  problems  prohibited  taking 
additional  measurements. 

The  peak  intercepts  for  particle  velocity  and  acceleration  were  scaled 
by  the  appropriate  detonation  pressure  for  each  explosive  in  tuff.  These 
values  were  then  plotted  versus  the  proper  characteristic  impedance 
ratio  as  shown  in  figures  70  and  71.  An  equation  in  the  form  of  a  power 
law  function  was  calculated  for  each  by  standard  regression  analysis 
methods.  The  plane  wave  acoustic  law  for  each  is  shown  as  a  dashed 
line  intersecting  the  power  law  function  at  Z  =  1.0.  These  curves  show 
again  a  stronger  effect  than  that  predicted  by  simple  acoustic  theory. 

Particle  Acceleration 

Particle  acceleration  data  from  small  surface  shots  (table  2);  from  cali¬ 
bration  shots  (table  24);  and  from  the  linear  array  tests  (table  21);  were 
scaled  and  plotted  versus  scaled  distance  (figure  72).  The  data  are  from 
SG  45  explosive  shots  only,  in  order  to  eliminate  impedance  effects. 
These  were  all  in  the  Hackberry  Mountain  tuff.  For  comparison,  data 
(table  24)  from  Rainier,  a  1.7  Kiloton  nuclear  shot  in  Oak  Springs 
tufl  are  shown  in  figure  72.  Though  the  data  are  at  different  amplitude 
levels,  they  are  sufficiently  close  for  prediction  purposes.  Tests  in 
both  rock  types  were  designed  so  that  seismic  waves  originated  in, 
propagated  through,  and  were  recorded  in  the  same  tuff  medium.  The 
difference  in  amplitude  level  may  be  due  to  difference  in  rock  type. 

Conclusions 


Pulse  shapes  in  granite  and  tuff  each  have  their  own  characteristics. 
Absorption  and  dispersion  are  much  greater  in  tuff  than  in  granite.  The 
effect  of  characteristic  impedance  on  explosion-generated  strain  or  par¬ 
ticle  motion  pulses  is  similar  in  tuff,  granite  and  salt,  although  not 
identical.  In  all  three  rock  types,  the  effect  is  stronger  than  that  pre¬ 
dicted  by  acoustic  theory. 


SCALED  ACCELERATION  AV*  ,  g'  •  x  ft  PEAK  VELOCITY 

DETONATION  PRESSURE  ‘  ,^-2  ®  DETONATION  PRESSURE 


V  V/P  = 

7.05  X  10  Z  •  ’ 

Explosive 

\ 

AD  10 

^  \ 

AD  20A 

AD-P 

,  SG  45 

-3 

V/P  =  7.05  X  10  {2f{UZ)) 

,  AV*/P=4. 

99  X  10  Z 

Explosive 

AD  10 
AD  ZOA 
AD-P 

SG  45 

AY»/P=4.99  X  10‘^(2/(1+Z)) 
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Ricker*  e  relationehip  between  the  decay  exponents  for  particle  velocity 
and  acceleration  propagation  laws  are  equally  valid  for  tuff  and  granite. 
His  theoretical  pulse  shapes  derived  in  shale  are  similar  to  those  ob¬ 
served  in  tuff. 

Additional  investigations  are  needed  to  explain  the  change  in  slope  of 
pressure  enhancement  versus  impedance  ratio  as  observed  in  tuff  and 
granite.  Tests  should  be  conducted  in  a  soft  homogeneous  sandstone  or 
a  similar  medium. 
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